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Shaunak Mehboob Shaikh
Abstract
A key component of natural photosynthesis are the antenna chromophores (chlorophylls and
carotenoids) that capture solar energy and direct it towards the reaction centers of photosystems I
and II. Highlighted by highly-ordered crystal structures and synthetic tunability via crystal
engineering, metal-organic frameworks (MOFs) have the potential to mimic the natural
photosynthetic systems in terms of the efficiency and directionality of energy transfer. Owing to
their larger surface areas, MOFs have large absorption cross sections, which amplifies the rate of
photon collection. Furthermore, MOFs can be constructed using analogues of chlorophyll and
carotenoids that can participate in long-range energy transfer. Herein, we aimed to design
photoactive MOFs that can execute one of the critical steps involved in photosynthesis - photon

collection and subsequent energy transfer.

The influence of spatial arrangement of chromophores on the efficiency and directionality of
excitation energy transfer (EET) was investigated in a series of mixed-ligand pyrene- and
porphyrin-based MOFs. Due to the significant overlap between the emission spectrum of 1,3,6,8-
tetrakis(p-benzoic acid)pyrene (TBAPy) and the absorption spectrum of meso-tetrakis(4-
carboxyphenyl)porphyrin (TCPP), the co-assembly of these two ligands in a MOF should enable
facile energy transfer. Bearing this in mind, three TBAPy-based MOFs with markedly different
network topologies (ROD-7, NU-901, and NU-1000) were chosen and a small number of TCPP
units were incorporated in their backbone. To gain insight into the photophysical properties of
mixed-ligand MOFs, we conducted time-resolved and steady-state fluorescence measurements on

them. Stern-Volmer analysis was performed on the fluorescence lifetime data of mixed-ligand



MOFs to determine the Stern-Volmer quenching constants (Ksy). Ksy values for ROD-7, NU-901,
NU-1000, and TBAPy solution were found to be 15.03 £ 0.82 M!, 10.25 + 0.99 M}, 8.16 + 0.41
M1, and 3.35 + 0.30 respectively. In addition, the ratio of the fluorescence intensities of TCPP and
TBAPy (Itcpp/ITBAPy) Was used to calculate the EET efficiencies in each of the three MOFs. EET
efficiencies were in the following order: ROD-7 > NU-901 > NU-1000 > TBAPy-solution. Based
on the trends observed for Ksy and EET efficiencies, two conclusions were drawn: (1) the ligand-
to-ligand energy transfer mechanism in MOFs outperforms the diffusion-controlled mechanism in
solution phase, (2) energy transfer in MOFs is influenced by their structural parameters and
spectral overlap integrals. The enhanced EET efficiency in ROD-7 is attributed to shorter
interchromophoric distance, larger orientation factor, and larger spectral overlap integral.
Directionality of energy transfer in these MOFs was assessed by calculating excitonic couplings
between neighboring TBAPy linkers using the atomic transition charges approach. Rate constants
of EET (keer) along different directions were determined from the excitonic couplings. Based on
the keer values, ROD-7 is expected to demonstrate highly anisotropic EET along the stacking
direction.

In order to explore the mechanistic aspects of EET in porphyrin-based MOFs, we studied the
energy transfer characteristics of PCN-223, a zirconium-based MOF containing TCPP ligands.
After performing structural characterization, the photophysical properties of PCN-223 and free
TCPP were investigated using steady state and time-resolved spectroscopy. pH-dependent
fluorescence quenching experiments were performed on both the MOF and ligand. Stern-Volmer
analysis of quenching data revealed that the quenching rate constants (ko) for PCN-223 and TCPP
were 8.06 x 10! M!s! and 2.71 x 10" M!s! respectively. The quenching rate constant for PCN-

223 is, therefore, an order of magnitude larger than that for TCPP. Additionally, PCN-223



demonstrated a substantially higher extent of quenching (®q = 93%) as compared to free TCPP
solution (®q = 51%), at similar concentrations of quencher. The higher extent of quenching in
MOF is attributed to energy transfer from neutral TCPP linkers to N-protonated TCPP linkers.
Using the Forster energy transfer model, the rate constant of EET in PCN-223 was calculated. The
magnitude of rate constant was in good agreement with the kgzer values reported for other
porphyrin-based MOFs. Nanosecond transient absorption measurements on PCN-223 revealed the
presence of a long-lived triplet state (extending beyond 200 ps) that exhibits the characteristic
features of a TCPP-based triplet state. The lifetime of MOF is shorter than that of free ligand,
which may be attributed to triplet-triplet energy transfer in the MOF. Lastly, femtosecond transient
absorption spectroscopy was employed to study the ultrafast photophysical processes taking place
in TCPP and PCN-223. Kinetic analysis of the femtosecond transient absorption data of TCPP and
PCN-223 showed the presence of three distinct time components that correspond to: (a) solvent-
induced vibrational reorganization of excitation energy, (b) vibrational cooling, and (c)
fluorescence.

Materials that allow control over the directionality of energy transfer are highly desirable.
Core-shell nanocomposites have recently emerged as promising candidates for achieving long-
distance, directional energy transfer. For our project, we aim to employ UiO-67-on-PCN-222
composites as model systems to explore the possibility of achieving directional energy transfer in
MOF-based core-shell structures. The core—shell composites were synthesized by following a
previously published procedure. Appropriate amounts of Ruthenium(II) tris(5,5'-dicarboxy-2,2'-
bipyridine), RuDCBPY, were doped in the shell layer to produce a series of Ru-UiO-67-on-PCN-
222 composites with varying RuDCBPY loadings (CS-1, CS-2, and CS-3). The RuDCBPY-doped

core—shell composites were characterized by powder X-ray diffraction (PXRD), scanning electron



microscopy (SEM) imaging, N> adsorption-desorption isotherms, and diffuse reflectance
spectroscopy. Efforts are currently underway to quantify RuDCBPY loadings in CS-1, CS-2, and
CS-3. After completing structural characterization, the photophysical properties of CS-1, CS-2,
and CS-3 will be investigated with the help of time-resolved and steady-state fluorescence

spectroscopy.
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General Audience Abstract
The pigment—protein complexes in natural photosynthetic units (also known as light harvesting
antennas) efficiently capture solar energy and transfer this energy to reaction centers that carry out
water splitting reactions. The collective chromophoric behavior of antennas can be replicated by
metal-organic frameworks (MOFs). MOFs are crystalline, self-assembled materials composed of
metal clusters connected by organic molecules. In this dissertation, we study the factors that govern
the energy transfer and light harvesting capabilities of MOFs. In chapter 2, we examined the role
of 3D structure of MOFs in energy transfer. In chapter 3, we investigated the influence of pH and
temperature on the photophysical properties of MOFs. In chapter 4, we explored the possibility of
energy transfer in novel MOF-on-MOF composites. This work is intended to pave the way for the
construction of highly efficient MOF-based materials that can serve as the light harvesting and

energy-transfer components in solar energy conversion devices.
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1. Dependence of Excitation Energy Transfer on Photophysical
Properties and Structural Parameters: From Molecular Systems to
Metal-Organic Frameworks

1.1 Introduction

Light harvesting antenna complexes (LHC’s) in natural photosynthetic systems demonstrate a
highly efficient excitation energy transfer (EET) process that delivers absorbed photons to the
reaction centers (PSI and PSIT) with efficiencies exceeding 95%.! The structural arrangement of
chlorophyll and carotenoid pigments integrated within the LHC’s generates an energy gradient,
which ensures directional migration of excitation energy to the reaction centers. Over the last few
decades, scientists have dedicated significant research effort towards designing artificial light
harvesting systems that can mimic the highly efficient energy transfer machinery in LHC’s. In
order to mimic LHC’s, it is critical to first understand how the chemical composition and structural
arrangement of pigment chromophores influence the efficiency and directionality of energy
transfer in LHC’s. More specifically, there is a need to investigate how the photophysical
properties of pigment chromophores and the structural parameters of LHC’s (such as the position,
separation distance and the relative orientation of pigment chromophores) affect the energy
transfer process. This has inspired scientists to design a wide variety of molecular and
supramolecular constructs that can serve as model systems for studying energy transfer.!2611-22
The aim of this chapter is to highlight some of the prominent artificial systems that have aided the
scientific community in understanding the factors that govern energy transfer. Before delving into

examples of these systems, it is necessary to gain a good understanding of the mechanistic aspects

of energy transfer.



1.2 Mechanistic Aspects of Energy Transfer

Resonance energy transfer (RET) is a non-radiative process where the excited state energy of
a donor molecule is transferred to the ground state of an acceptor molecule that lies in close
proximity.? The transfer of energy leads to the formation of an excited state acceptor and a ground
state donor (Figure 1).> Energy transfer in MOFs can be described using two different models

(a) Dexter resonance energy transfer (DRET) and (b) Forster resonance energy transfer (FRET).

D*

A*

...............................................

........................................................

Resonant Transitions

Figure 1. Energy diagram showing coupled transition between an excited state donor, D*, and ground state
acceptor, A. Reproduced from reference 2 with permission.

1.2.1 Dexter resonance energy transfer

Dexter resonance energy transfer (DRET) is a process in which the donor and acceptor
bilaterally exchange their electrons (Figure 2).° Dexter transfer requires significant overlap
between the orbitals of donor and acceptor, which means that it can only occur over very short
distances (< 10 A). The rate of DRET has an exponential dependence on the donor-acceptor

distance and is given by equation 1,



—2 (r— Ro)) )

kprer = koexp< I
where 1 is the separation distance between the donor and acceptor, Ro is the distance between donor
and acceptor at which efficiency of resonance energy transfer (RET) is 50%, ko is the limiting
energy transfer rate constant, and L the Van der Waals contact distance between the donor and
acceptor.b

1.2.2 Forster resonance energy transfer

Forster resonance energy transfer (FRET) is dictated by the coulombic interactions between
the transition dipoles of donor and acceptor (Figure 2).>*¢ The coulombic coupling between the
two interacting molecules can take place over distances up to 100 A. The efficiency of Forster
transfer is proportional to the extent of coupling between the D*—D and A— A* transition dipoles,
which is quantitatively evaluated as the overlap integral between the absorption spectrum of the
acceptor and the emission spectrum of donor molecule (J). The overlap integral is mathematically

presented in equation 2,

L hea (Ot da
[T da

(2)

Where A is the wavelength, ga(A) is the absorption spectrum of acceptor molecule (in terms of
extinction coefficient) and Ip(A) is the emission spectra of the donor molecule. The Forster model
predicts that the rate constant of energy transfer is proportional to the inverse of sixth power of the

distance between the donor and the acceptor molecule (eq. 3),

Ro\® 1 /Rp\®
krrer = kp <?) = g(?) (3)

where kp is the emission rate constant of donor in absence of acceptor, 1p is the lifetime of donor

in absence of acceptor, R is the separation distance between the donor and acceptor, and Ry is the



distance at which the energy transfer efficiency is 50%. Also known as Forster distance, Ry is

given by eq. 4,

~ <9000(ln 10)K2¢D]> @

1287> Nyn*
where @p is the fluorescence quantum yield of the donor in the absence of the acceptor, J is the
spectral overlap integral, k? describes the relative orientation of the transition dipole moments
between the acceptor and the donor molecule, 1) is the refractive index of the medium, and Na is

the Avogadro number.
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Figure 2. Forster and Dexter energy transfer. (Top) Singlet-singlet Forster energy transfer. (Middle)
Singlet-singlet Dexter energy transfer. (Bottom) Singlet-triplet Dexter energy transfer. Reproduced from

reference 2 with permission.



1.2.3 Factors affecting resonance energy transfer

Resonance energy transfer in MOFs is governed by several factors:

1. Extent of overlap between the emission spectrum of donor and absorption spectrum of
acceptor. Energy transfer is favored in donor-acceptor systems with large spectral overlaps.

2. Separation distance between donor and acceptor molecules.

3. Relative orientation between the transition dipoles of donor and acceptor. The orientation
factor, k2, gives the quantitative value of interaction between the two dipole moments. k2
values can range from 0 (when dipoles are perpendicular to each other) to 4 (when dipoles
are collinear).

The orientation factor can be determined using eq. 5,

K% = [cosy - 3cosacosP]? (5)
where o and 3 are the angles made by the transition dipoles of donor and acceptor with
the line joining their centers, and y is the angle between the two transition dipoles.

4. Concentration ratios of donor and acceptor ([Donor]/[ Acceptor])

5. Emission lifetime and quantum yield of donor

1.3 Energy Transfer in Rhenium-based Polynuclear Complexes

The McCusker group have done pioneering work on rhenium-based polynuclear assemblies to
investigate the effect of overlap integral, donor-acceptor separation distance, and orientation factor
on energy transfer.””'° In one of their seminal papers, they reported the synthesis, structure, and
photophysical properties of a family of covalently linked assemblies containing Re'-bipyridyl
donors and Cu'-acetylacetonate acceptors (Figure 3).” The general molecular formula of the
complexes is [Cu(pyacac)>(Re(bpy’)(CO)3)2](OTf), (where pyacac = 3-(4-pyridyl)-

acetylacetonate and bpy’ = 4,4'-5,5'-tetramethyl-2,2'-bipyridine (tmb, 1), 4,4’-dimethyl-2,2'-



bipyridine (dmb, 2), 2,2"-bipyridine (bpy, 3), 4,4’-dichloro-2,2'-bipyridine (dclb, 4), and 4,4'-
diethylester-2,2"-bipyridine (deeb, 5)). These complexes are geometrically well-defined systems
in which the donor and acceptor transition dipoles, and hence the orientation factor k2, can be
explicitly determined. Moreover, variations in the emission energy afforded by the different
bipyridyl ligands attached to the Re! metal center provide for systematic modulation of the donor-
acceptor spectral overlap. A series of structurally analogous “reference” compounds were also
prepared by replacing the Cu'-acetylacetonate group with the electronically benign Be'l-
acetylacetonate group (6-10, Figure 3). Energy transfer between the Re'-bipyridyl and Be'-
acetylacetonate groups is expected to be negligible (due to the minimal electronic coupling

between the two groups).

oc\ e
OC—Re
_N/
f\/
R) R,
1 (Cu) and 6 (Be): Ry = R, = CHs 2 (Cu)and 7 (Be): Ry = CHa, R, = H
3(Cu)and 8 (Be): R; =R, = H 4(Cu)and 9 (Be): R, = Cl, R, = H

5 (Cu)and 10 (Be): Ry = CO5Et, R, =H

Figure 3. Structures of CuRe; (1-5) and BeRe» (6-10) complexes. Reproduced from reference 7 with

permission.



Table 1. Calculated energy transfer rate constants (keer), spectral overlap integrals (J) and orientation

factors for complexes 1-5. Adapted from reference 7.

keer (% 108s1) | (10716 1\)?1 cm®) | Effective 2
[Cu(pyacac)>(Re(tmb)(COR)l(OTH (1) | 47 429 1.00
[Cu(pyacac)(Re(dmb)(CORIOTN: ) | | |4 514 118
[Cu(pyacac)(Re(bpy)(CO))21(OTH): (3) 18 55 132
[Cu(pyacac)(Re(delb)(CO))(OTH: (4) | | 7, 6.68 2.04
[Cu(pyacac)(Re(deeb)(CORRIOTN: (5) | | o 709 204

Time-resolved emission measurements were conducted to determine the excited-state lifetimes
(Tobs) of CuRe: (1-5) and BeRe: (6-10) complexes. The energy transfer rate constants (keer) for

1-5 were then calculated using the lifetime data (eq. 6),

_ 1,CuRe; _ ; BeRey __ 1 _ 1
kEET - kobs kobs ~ _CuRe, BeRe; (6)
obs obs

The keer values of 1-5 were found to be sensitive to the spectral overlap integrals and orientation
factors (Table 1). Based on the trends observed in Table 1, it was concluded that a substantially
large spectral overlap, coupled with favorable alignment of the transition dipoles of donor and
acceptor (larger x> value) results in faster energy transfer between Rel-bipyridyl and Cu'-
acetylacetonate moieties.

1.4 Energy Transfer in Covalently-linked Donor-Acceptor Systems

The Forster resonance energy transfer theory postulates that energy transfer is critically
dependent on the distance and mutual orientation between the donor and acceptor moieties.

Energy-transfer studies performed on judiciously designed, covalently-linked donor-acceptor



systems provide further experimental validation to these theoretical predictions. For example,
Albinsson and co-workers investigated how the donor—acceptor edge-to-edge distance, Rpa,
affects the rate and efficiency of triplet excitation energy transfer (TEET) in a series of
donor—bridge—acceptor (D-B—A systems), ZnP—xB—HxP (x = 2, 3, 4, and 5).!! In these systems a
zinc(Il) 5,15-diaryl-2,8,12,18-tetraethyl-3,7,13,17-tetramethylporphyrin (ZnP) acts as the donor
and the corresponding free-base porphyrin (H2P) acts as the acceptor of the triplet excitation energy
(Figure 4). The donor and acceptor chromophores are separated by oligo-p-phenyleneethynylene
(OPE) bridge units where the number of phenyleneethynylene groups varies between 2 and 5,
giving rise to edge-to-edge separations ranging between 12.7 and 33.4 A. To investigate the
distance dependence of the rate and efficiency of TEET in the ZnP—xB—H:P systems, transient
absorption measurements were performed and lifetimes corresponding to ZnP moiety in the
D—B—A compounds were determined. The experimental rates and efficiencies of TEET in
ZnP—xB—H:P systems were estimated using eq. 7 and 8 respectively. Table 2 lists the lifetimes of
the ZnP moieties in D-B—A systems along with the TEET rates (krzzr) and efficiencies (TEET).
kreer demonstrated an exponential distance dependence, indicating that TEET is governed by
either a Dexter or a superexchange mechanism.!? Figure 5 shows the logarithm of the TEET rate

constant versus the donor—acceptor edge-to-edge distance, Rpa.

1 1
- (7

TZnP—xB-H2P Tznp

krger =

Tznp
Ergggr=1——— (8)
TZnP—xB-H2P



ZnP-xB-H,P

Figure 4. The Donor (ZnP)—Bridge (xB)—Acceptor (H.P) Systems (1), Model Systems Zn—xB—Zn (2a)
and H,—xB—H> (2b), Model Monomer (3), and Real Monomers ZnP (4a) and H>P (4b). Reproduced from

reference 11 with permission.

Table 2. Lifetimes of the ZnP Moiety (zzqp), rate constants of Triplet Energy Transfer (k7zer), and Transfer

Efficiencies (Eteer) of the Studied Compounds in 2-MTHF at 150 K. Adapted from reference 11.

Sample Tznp (S) kreer (s1) Eteer (%)
7nP 2.9 %1073 14.2
Zn-5B 2.9 %1073 13.4
Zn-2B-H,P 54 x 107 2.0 x 107 99.99
Zn-3B-H,P 1.4 x10° 7.2 x10° 99.95
Zn-4B-H,P 41 x 10° 2.4x 104 98.59
Zn-5B-H,P 0.55 x 107 1.5 x10° 80.97
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Figure 5. The logarithm of the experimentally determined triplet energy transfer rate, kreer, in the
ZnP—xB—H,P series of compounds and a linear fit to the data plotted against the donor—acceptor edge-to-
edge distance, Rp4. Reproduced from reference 11 with permission.

To demonstrate orientation dependence of energy transfer in covalently-linked chromophoric
assemblies, Maiya and co-workers chose a porphyrin-based Donor-Acceptor (D-A) system where
the donor and the acceptor components are positioned at two distinctly different orientations. The
D-A system 3 consists of donor anthracene moieties that are linked both at the “axial” and
“peripheral” sites of a tin(IV) porphyrin scaffold (Figure 6).!*> Two “reference” compounds 1
(where the anthracene moiety occupies only the peripheral position) and 2 (where the anthracene
moieties occupy only the axial sites) were also synthesized. The fluorescence quantum yields of
1, 2, and 3 were measured after excitation at 250nm (absorption maximum of anthracene). The
quantum yields of 3 (® = 0.21£0.01) and 1 (@ < 0.001) were quenched in comparison to the
anthracene moiety (® = 0.32+0.02). Interestingly, under similar experimental conditions,
fluorescence originating from the anthracene subunits of 2 remained largely unaltered (® =

0.29+0.02).
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a) SnCl,, py, NaOH
b) 9-HMAR, CgHg

R =CH,

c) K,CO,/DMF,
9-chloromethy!
anthracene R=OH
d) SnCl,, py
NH,

Figure 6. Synthesis of D-A systems studied by Maiya and co-workers (1, 2, 3); py = pyridine.
Reproduced from reference 13 with permission.

Fluorescence lifetimes of the anthracene moieties (Ax=250 nm, Aem=400 nm) in the D-A
systems were: 0.16 ns (~100 %) for 1;2.14 ns (100 %) for 2; and 0.62 ns (31 %) and 2.28 ns (69 %)
for 3. The relative amplitudes obtained while fitting the lifetime data to single/bi-exponential decay
functions are provided in the parenthesis. Based on the lifetimes of 1 and 2, the biexponential
fluorescence decay observed for 3 can be interpreted in terms of the presence of two different
ground-state D—A orientations (unquenched axial and quenched peripheral) in this system.
Excitation of both 3 and 1 at 250 nm resulted in the appearance of the characteristic porphyrin
emission bands in the 600—700 nm region; which was not the case for 2. In addition, overlap of
the excitation spectra (emission collected at the porphyrin emission maximum, 665 nm) with the
corresponding absorption spectra revealed that fluorescence quenching in 1 and 3 is entirely a

result of the energy transfer in these two D—A systems (Figure 7). The energy transfer efficiencies
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(%E) for 1, 2, and 3 were found to be 99 &+ 7, 25 £ 3, and 5 + 2 respectively. Thus, energy transfer
is very inefficient in 2 (where the donor subunits are exclusively at the axial positions), almost
quantitative in 1 (where the donor subunit is exclusively at the peripheral site), and is
approximately 30 % in 3 (where the two donor subunits are at the axial site and one at the
peripheral position). Clearly, energy transfer to the porphyrin is strongly favored (~100 %) from
the peripheral anthracene and is quite inefficient (~0 %) from the axial anthracene in these D—A
systems. It should be noted that the peripheral anthracene subunit of 3 absorbs only one third of
the incident light at the excitation wavelength. Thus, a near 30 % quenching observed for this

system amounts, effectively, to %E of ~100 from the peripheral anthracene to the porphyrin.

200¢

100}

e/mM™" cm™

2x10* 3x10° 4x10°* 5x10°

v/iem! ——
Figure 7. Overlay of the excitation (dashed line) and absorption (solid line) spectra of 1-3 in CH>Cl»
(Aem=665 nm). Reproduced from reference 13 with permission.
Having demonstrated the orientation dependence of energy transfer in these D—A systems, the
authors explored the origin of this novel effect. The orientation factor (x?) is given by eq. 5 (see

Section 1.2.3 of this chapter). In eq. 5, a and B are the angles made by the transition dipoles of
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anthracene (axial/peripheral) and porphyrin with the line joining their centers, and v is the angle
between the two transition dipoles. While the transition dipole of the emitting S; state (first excited
state) of anthracene lies on the short axis of the molecule, that of porphyrin lies along a line joining
the two opposing pyrrole nitrogens. Thus, the donor and acceptor transition dipoles when the
anthracenes occupy the axial sites are nearly perpendicular (k?= 0) and are nearly coplanar (1< k?
< 4) when the anthracene is linked at the peripheral site. Thus, the energy transfer behavior of
compound 3 is dictated by the orientations of anthracene donors relative to the porphyrin acceptor.

1.5 Energy Transfer in Pyrene- and Porphyrin-based Dendrimers

Dendrimers consisting of molecular units repeatedly branching out from a central core
designed to act as an excitation trap have received significant attention recently.!'*2% Successive
branching of terminal groups leads to a series of structures, each with an increased number of
peripheral antenna chromophores. By judicious choice of central core and terminal groups, and by
tuning the structural parameters of dendrimers, an energy gradient can be established that
facilitates funneling of excitation energy from terminal groups to the central core. Frechet-type
dendrimers constructed using pyrene (terminal groups) and porphyrin (central core) derivatives
are classic examples of this type of arrangement.!*

Pyrene as a chromophore has outstanding optical properties, like high quantum yield, long
fluorescence lifetime, and excimer emission.?! Pyrene has also been also incorporated into various
macromolecules with the aim of developing novel photoactive materials. Given that there is
substantial overlap between the emission spectrum of the pyrene and the Soret absorption band of
porphyrins, we can expect a very efficient FRET process in structures labelled with these two

chromophores.?! Keeping this in mind, Rivera and co-workers synthesized a series of constructs

containing a porphyrin core connected to a first generation Fréchet-type dendron (Py>Gi).?> A
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second series of constructs consisting of a porphyrin core connected to a second generation
dendron (Py4G:) was also prepared (Figure 8). FRET occurred efficiently within the dendrimers
as determined from the extremely weak fluorescence of pyrene. The number of pyrene groups
present in the constructs was varied from two to eight, but was found to have little effect on the
rate and efficiency of FRET. The parameter that was found to affect FRET the most was the
distance separating pyrene from porphyrin within the constructs. This effect was probed
successfully by fitting the pyrene and porphyrin fluorescence decays according to the model free
analysis (MFA), which yielded the average rate constant kger for FRET.!S kger increased

continuously as the distance between the porphyrin and pyrene moieties was decreased (Table 3).

0 ®
& &
86 &
® 9
c$ »
a8 B

5a : M=2H : Por-(Py,G1),
5b : M=Zn : Zn-Por-(Py,G1),

¢ $ (P
() 9
OQ

>
0 o
¢
¢ 2
ad

)
e e
& &

3a : M=2H : Por-(Py,G1l)4
3b : M=Zn : Zn-Por-(Py,G1)4

O@,O

. \ o (,Mgw@m@o 59
®
&5

M=2H : Por-C4-(Py,G1) M=2H : Por-C4-(Py4G2)
M=Zn : Zn-Por-C4-(Py,G1) M=Zn : Zn-Por-C4-(Py4G2)

Figure 8. Dendrimer structures studied by Rivera and co-workers. Reproduced from reference 22 with

permission.
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Table 3. Average Rate Constants (keer) and separation distances between porphyrin and pyrene (dpor_py) in

the dendritic constructs. Adapted from reference 22.

Sample keer (x 10%s71) dror.py (A)
Por-(Py>2G1)a 12.2 14.2
Por-(Py>G1)3 17.2 13.4
Por-(Py>G1)s 17.7 13.4
Por-(Py2G1); 10.6 14.6

Por-C4-(Py2G1) 2.2 18.9
Por-C4-(PysG2) 1.9 19.4

1.6 Energy Transfer in Conjugated Polymer-based Systems

The chemical composition and structural order in thin films of conjugated polymers
significantly influence the performance of polymer-based optoelectronic devices that involve
excitation energy transfer.?>2> An understanding of the dependence of EET on the relative internal
geometries of donor and acceptor species is therefore important. Haugland and co-workers
reported an experimental study of the dependence of energy transfer on donor-acceptor distance.?®
Oligomers of poly-L-proline were used as spacers of defined length to separate an energy donor
and acceptor by distances ranging from 12 to 46 A (Figure 9). The energy donor was an o-naphthyl
group at the carboxyl end of the polypeptide, while the energy acceptor was a dansyl group at the
imino end. The efficiency of energy transfer was determined from the excitation spectrum of the
energy acceptor (Figure 10a). At a given wavelength, the intensity of the excitation spectrum of
acceptor (I) is related to the transfer efficiency (E), the extinction coefficient of the donor (€p),

and the extinction coefficient of acceptor (€a), by the expression I = €4 + E€p. The intensity of the
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excitation peak at 295 mu provided the most sensitive index of the efficiency of energy transfer.
The transfer efficiency was found to decrease from 100 percent at a distance of 12 A to 16 percent
at 46 A (Figure 10b). Energy transfer was 50 percent efficient at 34.6 A. The dependence of the
transfer efficiency on distance was in excellent agreement with the R dependence predicted by

the Forster mechanism for weak dipole-dipole coupling.
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Figure 9. Structure of oligomers of poly-L-proline (n = 1 to 12). Adapted from reference 26.
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Figure 10. (a) Excitation spectrum of dansyl-L-prolyl-hydrazide (0% transfer), dansyl-L-prolyl-a-naphthyl
(100% transfer), and dansyl-(L-prolyl)n-a-naphthyl (n=15, 7, 8, 10, 12) in ethanol. Adapted from reference

26.
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In order to develop artificial systems that are as efficient as photosynthetic antennas, it is
necessary to devise strategies that afford control over the direction of energy transfer. To attain
this objective, Schwartz and co-workers designed a composite material consisting of
semiconducting polymer chromophores that have been aligned on the nanometer scale and
encapsulated into the hexagonally arrayed pores of mesoporous silica glass. The semiconducting
polymer poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH- PPV) was chosen
as the chromophore.?® The design of the system forces energy to flow unidirectionally from
aggregated, randomly oriented polymer segments outside the pores to isolated, aligned polymer
chains within the pores. The driving force for this energy flow arises solely from changes in
polymer conformation: the aggregated polymer segments outside the silica framework have a
higher excited state energy than the aligned polymer segments encapsulated within the pores,
which gives rise to an energy cascade. Thus, nanometer-scale positional control achieved through
host-guest chemistry and the sensitive optical properties of semiconducting polymers can be
combined to control energy flow. Time-resolved and steady-state emission studies on conjugated
polymers established that the dominant interchain energy transfer (energy transfer between the
randomly oriented chains outside the pores) mechanism is Forster resonance energy transfer. Since
the interchain migration rate depends on the relative internal geometries of the donor and acceptor
chromophores, an understanding of distance and orientation dependence of energy transfer is
important for achieving directional energy transfer in polymer-based opto-electronic devices.

1.7 Ligand-to-Ligand Energy transfer in Metal-Organic Frameworks

Photoactive metal-organic frameworks (MOFs) composed of metal centers or metal oxide
clusters connected through organic ligands have recently emerged as a new class of materials that

can be used for fabricating artificial light harvesting devices.?’ -3 Compared to other artificial light
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harvesting assemblies discussed in this chapter, MOFs demonstrate a higher degree of structural
flexibility that affords an opportunity to coordinatively attach different types of chromophores as
linkers. The modular nature of MOFs enables control over their topologies, porosities,
functionalities, and surface properties.*®> Furthermore, the crystalline nature of MOFs allows for
precise control of distances and orientations between chromophores by judicious choice of ligands
and metal nodes.® MOFs, thus, provide a unique platform for systematically studying energy
transfer as a function of their 3D structure. The extended solid-state structure of MOFs also offers
the possibility of achieving sequential, long-distance energy transfer over several hundred
angstroms.>%273440 L agtly, the high stability and processability of MOFs means that they are
feasible for practical applications, and can compete with the current generation of dendritic and
polymer-based light harvesting systems. All these qualities make MOFs excellent candidates for
studying light harvesting and energy transfer processes. In the last few years, there have been
numerous reports of MOFs with ligand-based luminescence (e.g., porphyrin- and ruthenium-based
MOFs) demonstrating efficient ligand-to-ligand energy transfer.!2:6-27:36:3841-45 The following
subsections will focus on light harvesting and energy transfer processes observed in MOF-based
systems.

1.7.1 Energy transfer in porphyrin-based MOFs

In natural photosynthesis, energy transfer primarily occurs in highly ordered porphyrin-based
pigments (chlorophylls). Drawing inspiration from nature, Hupp and co-workers designed two Zn-
porphyrin-based MOFs (DA-MOF and F-MOF) (Figure 11).>° Energy migration was studied with
the help of fluorescence quenching experiments. The excitation energy was found to migrate over
a net distance of ~3 porphyrin struts for F-MOF and ~45 porphyrin struts for DA-MOF. The

authors inferred that the two additional acetylene groups in the DA-H>P ligand enhance its n-
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conjugation, resulting in a red-shifted Q-band (absorption band in the 500-650 nm range, Figure
12). Consequently, DA-MOF exhibits a larger spectral overlap as compared to F-MOF. The larger
spectral overlap facilitates rapid energy transfer between adjacent DA-H2P ligand, resulting in

efficient, long-distance energy transport.

c 3
DMF, 80 °C , a
[kﬁ i § TS Eznp . : ‘

DEF, 100 °C

b
Q \

Figure 11. Synthesis of DA-MOF and F-MOF. Reproduced from reference 39 with permission.

The authors investigated energy migration by incorporating quenching moieties (pyridyl-
ferrocene, FcPy) directly inside the MOF structures. It was proposed that upon excitation at 446
nm, the MOFs generate an exciton that migrates by ligand-to-ligand hopping within the MOF
structure until it decays (via fluorescence) or is quenched by FcPy. The efficiency of energy
migration was evaluated by measuring the extent of fluorescence quenching with different levels
of FcPy incorporation (Figure 13). At similar loadings of Fc-Py, DA-MOF demonstrated
substantially greater quenching than F-MOF. DA-MOF provided the first example of long range,
directional energy transport in MOFs, and offered useful information for the design of efficient

light-harvesting and energy-transfer materials.
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Figure 12. UV-Vis absorption (blue) and emission spectra (red) of (a) F-ZnP and (b) DA-ZnP measured in

DMF. Reproduced from reference 39 with permission.
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Figure 13. (a) Photograph of a DA-MOF particle from which fluorescence is recorded based on laser
excitation at 446 nm. Luminescence quenching measurements are conducted to probe the energy (exciton)

migration dynamics. (b,c) Schematic representation of the exciton migration and quenching processes.

Reproduced from reference 39 with permission.
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Bodipy (boron dipyrromethene) is a well-known molecular chromophore with several
favorable properties, such as high emission quantum yield, low intersystem crossing rate, large
extinction coefficient, long excited-state lifetime, and good photostability. Owing to the large
overlap between the emission spectrum of Bodipy and the absorption spectrum of porphyrin, the
co-assembly of these two ligands in a MOF should enable facile energy transfer. Taking this into
consideration, Hupp and co-workers synthesized a pillared-paddlewheel type BOP MOF having
bodipy- and porphyrin-based struts.?” Bodipy was incorporated into the framework to serve as the
light harvesting antenna chromophore for the excitation of porphyrin struts via resonance energy
transfer. Hupp and co-workers also synthesized BOB MOF, a control material based on bodipy
and a non-chromophoric dibrominated strut. The synthetic scheme for BOP MOF and BOB MOF

is presented in Figure 14.

HOOC COOH
A
N
HOOC l

Zn(NO,),*6H,0,
DMF, HNO,/EtOH, 80°C

I COOH

Br
L1 L3
BOB MOF
N\_-/
Zn(NO,),*6H,0
DMF, 80°C HNO,/EtOH, 80°C

250 um
BOP MOF

Figure 14. Synthesis of BOP and BOB MOFs. Reproduced from reference 37 with permission.
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Figure 15. Confocal laser scanning microscopy images of (a) BOB MOF and (b) BOP MOF. Reproduced
from reference 37 with permission.

The light harvesting properties of BOB MOF and BOP MOF were investigated with the help
of confocal laser scanning microscopy (CLSM). Excitation of bodipy linkers in BOB MOF
(control material) at 543 nm resulted in typical bodipy fluorescence behavior with the emission
maxima at 596 nm (Figure 15). On the contrary, excitation of bodipy linkers in BOP MOF resulted
in emission in the 650-710 nm range. Given that porphyrins emit in the 650-710 nm range, this
result confirms the presence of energy transfer from bodipy strut to porphyrin strut. Through their
investigations on DA-MOF, F-MOF, BOB MOF, and BOP MOF, Hupp and co-workers
successfully highlighted the importance of spectral overlap in MOF-based energy transfer

processes.
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Revisiting the bioinspired nature of porphyrin-based light harvesters, Shustova and co-workers
explored the possibility of using a MOF to mimic the highly efficient energy transfer process
observed between green fluorescent proteins and heme-binding cytochromes.*® Two approaches
were explored to construct the MOF-mimic (1) direct incorporation of the donor and acceptor
species in the backbone of a 3D MOF and (2) the encapsulation of donor species in the pores of a
MOF built using acceptor species. In approach 1, methyl-2-(4-(2,5-di(pyridin-4-yl)benzylidene)-
2-methyl-5-0x0-4,5-dihydro-1H-imidazol-1-yl)acetate =~ (DPB-BI, donor) and tetrakis(4-
carboxyphenyl)-porphyrin (TCPP, acceptor) were incorporated in the backbone of two MOFs.
Molecular formulae of the two MOFs are: Zno(ZnTCPP)(DPB-BI)o.3s( DMF)1.14] (DMF)s 86(H20)20
(1) and [Zno(ZnTCPP)(DPB-Bl)oss (DMF)o36](DMF)6904(H20)1255 (1'). Approach 2 was
implemented by encapsulating 4-hydroxybenzylideneimidazolinone (donor) in the pores of a
porphyrin-based MOF (2). The resulting host-guest system was termed as BI@2 by the authors.
Time resolved photoluminescence measurements confirmed the presence of efficient ligand-to-
ligand energy transfer in (1), (1'), and BI@2. The photophysical and energy transfer parameters
of (1), (1'), and BI@2 are summarized in Figure 16. BI@2 demonstrated the highest energy
transfer efficiencies among the three structures (72%). Considering the dimensions of the 1D
channels in 2 and the size of the incorporated BI molecules, the estimated guest—host distances in
BI@?2 should be smaller than the donor-acceptor distances in (1) and (1'). This explains the
enhanced energy transfer performance in BI@2. The differences between the photophysical
behaviors of (1) and (1) were attributed to the fact that (1) and (1’) have different topologies
(Figure 16). The difference in stacking of 2D layers causes the donor-acceptor distances in (1) and

(1') to be slightly different, which results in different photophysical behavior. The findings of this
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investigation clearly show that the energy transfer properties of MOFs are strongly sensitive to the

donor-acceptor distances.

Protein Scaffold

ET
HBI = = ?

Approach Il

EGFP cyt bse,

H«ZnTCPP H.TCPP

Figure 16. (Top) Depiction of ET between EGFP and the electron transfer protein, cytb562. (Bottom)
Approach I focused on coordinative immobilization of two chromophores in crystalline scaffold 1 and 1'.
Approach II is based on inclusion of the BI donor in the porphyrin-based framework 2. Reproduced from

reference 46 with permission.
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DPB-BI DPB-BI-1 DPB-BI-1” Bl  BI@2
(z,,) [ns]"® 1.09 0.38 0.51 1.89  0.53
ker [x100s7] - 1.71 1.04 - 1.36
R, [A] - 23 23 - 21
(I)ET [%] - 65 53 - 72
J[x10 ¥ em’m ] - 6.25 6.25 - 4.57

Figure 17. The average lifetimes (tav), energy transfer rate constants (ket), Foster distance (Ro), energy

transfer efficiency (Per), and spectral overlap integrals (J) for (1), (1'), and BI@2 samples. Reproduced

from reference 46 with permission.

1.7.2 Porphyrin based MOFs materials as thin films

After achieving considerable success in mimicking the natural process of light harvesting by
using porphyrin-based MOFs, the next big challenge is to find a way of integrating these MOFs
into solar energy conversion devices. Fabricating MOFs in thin-film form (on suitable substrates)

is a promising approach to address this issue.*’->! In order to make MOF thin films feasible for

practical applications, research efforts need to be directed towards,

1. Developing synthetic strategies that afford precise control over the thickness of films

2. Identifying MOFs that demonstrate directional, efficient energy transfer

3. Ensuring that the energy migration distance is equal or greater than the MOF film
thickness, in order to move the excitation energy towards either an underlying electrode or
external redox phase.

Hupp and co-workers converted a pillared paddlewheel porphyrin-containing 3D MOF thin film
to a 2D framework by solvent-assisted linker exchange (SALE).>? As shown in Figure 18, the pillar
ligand 4,4'-bipyridine was replaced by pyridine (non-bridging ligand), leading to the collapse of

the 3D MOF structure into a layered 2D coordination polymer. The inter-layer distance between
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the chromophores significantly decreased due to the structural change. Pd-TCPP (P2) was used as
an efficient, nonfluorescent energy acceptor (quencher) by depositing it on the surface of the films.
Steady-state and time-resolved emission spectroscopy indicated that in 2D films, excitons can
travel up to 11 porphyrin layers. On the other hand, in 3D films excitons can propagate only up to
8 porphyrin layers. Considering the effective elimination of void space between porphyrin layers
by SALE, the improved energy transfer performance in 2D films was attributed to the decrease in

donor-acceptor separation distance.

OH  1cpp (P1) HO 4,4 Bipyridine  Pyridine OH

HO
1) L2) Pd-TCPP (P2)

| sapTMs
Figure 18. Free-base porphyrin P1 and linker L1 were used to fabricate N (number of cycles) cycles of MOF thin
films followed by N + 1 and N + 2 cycles by palladium porphyrin P2 and linker L1. Reproduced from reference
52 with permission.
1.7.3 Energy transfer in Ru/Os based MOF
Use of coordination complexes such as Ru(bpy);** and Os(bpy)s;** (bpy = bipyridine) as

building blocks for metal-organic frameworks has gained popularity in the last few years. Due to

their long-lived excited states and high redox activity, these photoactive compounds have been of
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particular interest for applications in light harvesting and energy transfer.?’-3643-33-55 These
complexes absorb strongly in the visible region to form a singlet metal-to-ligand charge transfer
excited state ('"MLCT).>® This is followed by an efficient intersystem crossing to the triplet state
(®MLCT) due to the large spin-orbit coupling of the Ru(II) and Os(II) centers (heavy atom effect).
The long-lived *MLCT excited can either deactivate via phosphorescence or participate in triplet-
triplet energy transfer events. Energy flow from MLCT excited states of Ru(bpy)s** to Os(bpy)s**
has been explored in various systems like polymers, supramolecular assemblies, ligand-bridged
complexes, crystalline molecular solids, and semiconductor interfaces.>”~

Lin, Meyer and coworkers were the first to study the classic Ru(bpy)s;**-to- Os(bpy)s** energy
transfer process in MOFs.3¢ They used derivatives of Ru(bpy)s>*/Os(bpy)s** as the linkers and Zn
clusters as metal centers to construct a 2-dimensional framework. Figure 19 shows the synthesis
scheme for phosphorescent MOF-1, based on the photoactive Ru(Il)(bpy)(4,4'-dcbpy)z (Li-ru)
ligand, where 4,4'-dcbpy = 2,2'-bipyridine-4,4'-dicarboxylic acid). Li-ru absorbs strongly in the
visible region and can serve as the light harvesting antenna chromophore. Os(II) (bpy)(4,4'-dcbpy)>

(L1-o0s) was doped into the framework structure to produce mixed-metal MOF-1 samples with 0.3,

0.6, 1.4 and 2.6 mol % Os loading.

Zn(NO3)2
——————— 3 [Zn(Ly)]-2DMF-4H,0
DMF/H,0
MOF-1

M =Ru (L4.gy) or Os (L1.0s)

Figure 19. Synthesis procedure of MOF-1. Reproduced from reference 36 with permission.
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Time-resolved emission measurements performed with a two-photon excitation at 850 nm

revealed the presence of long-range energy migration in the mixed-metal MOFs. The excited state

lifetime of Li.ru linkers was found to decrease progressively as the doping concentration of Li.os

linkers increased from 0.3 to 2.6 mol %. The authors proposed that sensitization of Li-os occurs

via Ru(bpy)s**-to- Ru(bpy)s>* energy hopping events followed by Ru(bpy)s**-to- Os(bpy)s**

energy cascade (Figure 20). Due to the lower energy of its MLCT state, Li-os acts as a trap site

and quenches the excitation. Furthermore, based on an analysis of the crystal structure parameters,

it was estimated that a Li.os trap site should have a quenching radius of ~40 A.
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Figure 20. (Top, a) Time-resolved emission decay for Lry, and Los MOF-1 monitored at 620 and 710 nm,

following two photon excitation at 850 nm. (Top, b) Emission kinetics for 1.4 to 2.6mol% Os doped MOF-

1 at 620 nm and 710 nm by Os(II)*. (Bottom) Schematic representation of hopping of Ru(Il)*-bpy excited

states in MOF-1. Reproduced from reference 36 with permission.
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Due to the high porosity and aperture size tunability demonstrated by MOFs, photoactive
Ru/Os polypyridyl complexes can also be encapsulated into their pores as guest molecules to probe
energy transfer. The Meyer group synthesized a zinc-based MOF with caged
Ru(bpy)3;**/Os(bpy)s>* chromophores, [M(bpy):*']@[Zn2(C204)3] (MOF-4).>2 A long-lived
SMLCT excited state with a lifetime of 760 ns was observed in Ru-MOF-4, under anaerobic
conditions. In the presence of trace amount of oxygen, the lifetime was significantly shortened to
92 ns due to energy transfer from Ru(bpy):** to Oz . Similar to MOF-1, Os(bpy)3** can act as the
energy trap sites (at doping levels of 0.2 to 1.0%). Kinetic studies showed that the entrapped
chromophores in MOF-4 provide a network for rapid energy transfer among Ru(bpy)s>* units,
ultimately, finding an Os(bpy)s** trap site.

The experimental results for MOF-1 and MOF-4 were complemented with a theoretical study
of energy transfer in these MOFs.*> The study revealed that energy transfer in MOF-1 and MOF-
4 is dominated by the Dexter exchange mechanism. It was also found that energy migration in
MOF-1 is primarily 1-dimensional, whereas in MOF-4 it occurs through the 3D network. The
dominance of Dexter exchange mechanism in MOF-1 and MOF-4 indicates energy transfer should
be highly sensitive to donor-acceptor distances. One possible approach to improve the efficiency
of energy transfer is to enhance the Dexter coupling interactions. This can be achieved by
constructing MOFs with shorter intermetallic distances.

1.7.4 Energy transfer in Ru(bpy)s?* doped zirconium(IV) MOFs

UiO-67 is a water-stable zirconium-based MOF containing 4,4'-biphenyldicarboxylate struts
and having a molecular formula of Zrs(u3-O)4(13-OH)4(BPDC)s (BPDC = biphenyldicarboxylic
acid). It comprises of pores with two distinct geometrical environments: an octahedral pore with
a diameter of 23A, and a tetrahedral pore with a diameter of 11.5A (Figure 21). Lin and coworkers

were the first to dope photoactive chromophores, such as [Ru(dcbpy)(bpy)2]** (RuDCBPY), in the
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Ui0-67 framework.?® The photophysical properties of doped MOFs (RuDCBPY-UiO-67) were
studied as a function of RUDCBPY loading within the framework by the Morris group.*-* The
diffuse reflectance spectrum of RuDCBPY-UiO-67 MOFs showed an absorption band centered at
455 nm, which is ascribed to the transition from the ground state to the singlet metal-to-ligand
charge transfer ('MLCT) state. The breadth of this band was found to increase upon increasing the
RUDCBPY loading, while the absorption maximum remained the same for all doping
concentrations. The excited state lifetimes and emission maxima were observed to be highly
sensitive to the concentration of RuDCBPY present within the framework. At relatively low
doping concentrations (< 16.4 millimolal), the excited state properties of RuDCBPY in the MOF
were quite similar to those observed in DMF. The emission spectrum of RuDCBPY in the MOF
was centered at 630 nm, which is slightly red shifted as compared to RUDCBPY solution in DMF
(625 nm). The emission decay of RuDCBPY in the MOF was modelled using a single exponential
decay function and the excited state lifetime was found to be 1.4 ps. The lifetime of RuDCBPY in
MOF is longer than that of RuDCBPY in DMF (890 ns). The increased lifetime in MOF is
attributed to the fact that the vibrational decay pathways are impeded when the chromophore is
incorporated into a rigid matrix. Notably, as the doping concentrations were increased, a
progressive red shift in the emission spectra was observed. Furthermore, biphasic emission decays
were observed at high doping concentrations, with a concentration dependent long-lived

component (t~165-210 ns) and a concentration independent, short-lived component (~24 ns).

In order to explain the biphasic nature of the decay at higher doping concentrations, a two-state
model was proposed (Figure 22).* At low doping concentrations, RuDCBPY preferentially
occupies the larger octahedral cages of the MOF by incorporation into the backbone of the cage.

Due to the presence of residual reaction solvent (DMF) in the pores, this population of RuDCBPY
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is exposed to a DMF-like solvation environment. At higher doping concentrations, in addition to
getting incorporated into the backbone of MOF, a small population of RuDCBPY is found to be
encapsulated in the some of the octahedral cavities. The authors proposed that encapsulation of
RuDCBPY limits the occupancy of DMF in the octahedral cavities, and the u-O and p-OH bridges
of the zirconium-nodes impose a water-like dielectric on RuDCBPY. As a result, RuDCBPY
experiences water-like solvation environment and its photophysical behavior replicates that of

RuDCBPY solution in water.

8
A
,\‘%)C

Figure 21. Crystal structure of UiO-67 MOF showing the presence of octahedral and tetrahedral pores with
RUDCBPY incorporated as well as encapsulated within the pores. Reproduced from reference 54 with

permission.
The concentration dependence of the long-lived component observed in RuDCBPY-doped
UiO-67 MOFs is ascribed to ligand-to-ligand energy transfer between RuDCBPY chromophores.

To explore the mechanistic aspects of energy transfer in RuDCBPY-doped UiO-67 MOFs, the
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emission lifetime data was fit to the Inokuti-Hirayama model. The fitting results indicated 1/r*
distance dependence for the energy transfer rate, where r is the interchromophoric distance. Based
on the fitting results, a dipole-dipole resonance energy transfer process lying between the Perrin

weak coupling and Forster very weak coupling regimes was proposed.

Figure 22. Two-state model showing doping of RuDCBPY within the UiO-67 framework as a function of

concentration. Reproduced from reference 54 with permission.

Higher Doping

Figure 23. A schematic representation of FRET in RuDCBPY doped UiO-67 as a function of chromophore

loading. Reproduced from reference 2 with permission.
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In a subsequent study, the dimensionality of energy transfer in RuDCBPY-doped UiO-67
MOFs was also found to be dependent on the doping concentration (Figure 23).*3 Confocal
fluorescence microscopy was used to examine the overall distribution of RuDCBPY chromophores
within MOF crystallites. The results indicated that at low loadings (<10 mm) energy transfer is
predominantly one-dimensional, for concentrations ranging from ~10 to ~50 millimolal energy
transfer is predominantly two-dimensional, and at high concentrations energy transfer should be

three-dimensional.

1.8 Conclusions

Taking inspiration from nature’s photosynthetic machinery, scientists have developed a wide-
variety of molecular and supramolecular constructs that can serve as model systems for
investigating energy transfer. Energy transfer studies on rhenium-based molecular assemblies,
porphyrin-based Donor—Bridge—Acceptor systems, pyrene- and porphyrin-based dendrimers, and
conjugated polymers have provided useful information about the effect of (a) photophysical
properties of chromophores, (b) interchromophoric distances, and (c) relative orientation of
chromophores on energy transfer. Metal-organic frameworks (MOF) have attracted great interest
from the scientific community due to their unique structural features and diverse set of
applications. In the last two decades, a vast amount of research has been dedicated towards
exploring the application of MOFs in light-harvesting and energy transfer. Pioneering studies
conducted by the Hupp group, Lin group, Meyer group and Morris group have shown that MOFs
are capable of demonstrating long-range, directional energy transfer. Furthermore, there is plenty
of scope for further improving the energy transfer performance of MOFs. Energy transfer
investigations on porphyrin- and RuDCBPY-based MOFs have shown that energy transfer is an

intricate process, dependent on factors such as the spectral overlap integral, chromophore
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concentrations and solvation environments of chromophores. In order to get a deeper
understanding of energy transfer processes in MOFs, the influence of structural parameters (such
as interchromophoric distance and relative orientation of chromophores) on the efficiency and
directionality of energy transfer needs to be investigated in more detail. Processing of MOFs as
thin films is a domain that is still in its nascent stage of development but bears a huge potential for
light harvesting and energy transfer applications in the future. Keeping this in mind, more research
efforts should be directed towards facile fabrication of high-quality thin films that are robust and
crystalline. Exploring novel ideas and concepts such as building MOF-on-MOF heterostructures
for studying electron- and energy-transfer processes should be encouraged as they can lead to the

discovery of previously unknown structure-property relationships.33!

Addressing these
challenges can pave the way for a new generation of light harvesting and energy conversion

materials.
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2. Role of 3D Structure in Energy Transfer in Mixed-Ligand Metal-

Organic Frameworks

2.1 Introduction

Natural photosynthetic units employ membrane-bound pigment-protein assemblies (also
known as light-harvesting antenna complexes, LHC’s) for capturing solar energy and then
funneling it towards the reaction centers of photosystem I (PSI) and photosystem II (PSII) via rapid
excitation energy transfer (EET).!? The reaction centers capture this energy and convert it into a
usable form of chemical energy. The composition and structural organization of pigment
chromophores in LHC’s generate an energy gradient, enabling directed energy transfer to the
reaction centers. In the last few decades, considerable research effort has been focused on
developing artificial light-harvesting model systems that can mimic natural LHC’s. A key step
towards realizing an artificial light-harvesting system is to design chromophoric arrangements that
improve the EET efficiency by (a) enhancing interchromophoric interactions, (b) providing fast
and effective energy migration pathways that minimize energy losses and (c) facilitating
anisotropic energy transfer.> Among all the artificial model systems, metal organic frameworks
(MOFs) stand out because of their uniqueness. Comprised of inorganic metal ions/clusters linked
through organic ligands, MOFs offer extensive synthetic tunability in terms of component diversity
and structural hierarchy.*¢ The MOF scaffolds can accommodate a high density of chromophores
that can absorb sunlight simultaneously and amplify the rate of photon absorption.”# Additionally,
the modular nature of MOFs offers access to a wide variety of network topologies and allows
precise control over structural parameters such as the position, mutual distance and relative
orientation of linkers.’'> MOFs are, therefore, ideal candidates to study EET as a function of

structural parameters and identify chromophoric arrangements that are conducive to energy
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transfer. In this report, we specifically investigate the effect of spatial arrangement of
chromophores on EET efficiency and anisotropy in mixed-linker MOFs.

Artificial light harvesting model systems consist of chromophores that can play the role of
antenna complexes (initial light absorbers, energy conduits) and reaction centers (energy traps).!
The choice of initial absorbers, conduits and traps depends on the optical and electronic properties
of chromophores. For instance, pyrenes have high molar absorption coefficient, high fluorescence
quantum yield, and are known to exhibit efficient homo-FRET (energy transfer between identical
chromophores).!*!* These qualities make pyrenes suitable for the role of initial absorbers and
energy conduits. Porphyrins have been extensively utilized as energy acceptors in pyrene-based
oligomeric and dendritic systems.!>"!7 Due to the substantial overlap between the absorption
spectrum of porphyrin and emission spectrum of pyrene, porphyrins are an excellent choice for
energy traps. Considering the synthetic maneuverability offered by MOFs and the efficacy of the
pyrene-porphyrin donor-acceptor system, pyrene- and porphyrin-based mixed-ligand MOFs can
serve as potentially attractive artificial light-harvesting model systems. 1,3,6,8-tetrakis(p-benzoic
acid)pyrene (TBAPy) and meso-tetrakis(4-carboxyphenyl)porphyrin (TCPP) are promising
candidates for the construction of pyrene- and porphyrin-based mixed-ligand MOFs. These two
ligands are of similar size, and have identical symmetry and connectivity. The co-assembly of
TBAPy and TCPP in a single MOF has previously been confirmed.'®

Herein, we present a joint experimental and theoretical investigation to assess the influence of
structural parameters of MOFs on strut-to-strut EET. We chose three TBAPy-based MOFs with
distinctly different network topologies: ROD-7 (Ino(OH),TBAPy, frz), NU-901 (Zre(pu3-O)4(p3-
OH)4(-OH)4(-OH2)4(TBAPy)2, scu) and NU-1000 (Zrs(p3-O)s(p3-OH)4(-OH)4(-OH2)4(TBAPYy)2,

csq) to probe the impact of spatial arrangement of TBAPy linkers on the EET efficiency.!*?! The
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Figure 1. Structures of MOFs viewed along the c-axis: (a) ROD-7, (b) NU-901 and (c) NU-1000

molecular structures of ROD-7, NU-901 and NU-1000 are shown in Figure 1. EET was monitored
by incorporating a small number of TCPP units in the MOF backbone (via one-pot solvothermal
synthesis) and using them as energy traps. Energy transfer in the MOF crystal occurs via energy
exchange between TBAPy linkers until they find a TCPP unit, resulting in quenching of TBAPy
fluorescence and amplification of TCPP fluorescence. We hypothesize that the efficiency and
directionality of EET in the mixed-ligand MOFs should be influenced by the proximity and
orientation of TBAPYy linkers in the MOFs. To confirm this hypothesis, we employed steady state
and time resolved fluorescence spectroscopy. The efficiency of EET was evaluated using two
different approaches. In the first approach, modified Stern-Volmer (S-V) analysis was used to
relate the concentration of TCPP in the MOF to the extent of TBAPy quenching. The second

approach involved the ratio of the integrated emission intensities of TCPP and TBAPy
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(Itcep/ITBAPY) tO calculate the energy transfer efficiency. Both the approaches revealed that EET is
most efficient in ROD-7 followed by NU-901 and NU-1000. The energy transfer anisotropy in the
three MOF's was assessed through theoretical calculations. Based on excitonic coupling values, the
EET rate constants were calculated along different directions. The calculated rate constants suggest

that EET in ROD-7 should be significantly more anisotropic than NU-901 and NU-1000.

2.2 Materials and Methods

Materials

1,3,6,8-tetrakis(p-benzoic acid)pyrene was synthesized according to a previously published
procedure (Supplementary Information, Section 1). Meso-tetrakis(4-carboxyphenyl)porphyrin
(>97%) was purchased from Frontier Scientific and was used without further purification. Indium
chloride, 1,4-Dioxane and 4-Aminobencoic acid were purchased from Sigma Aldrich. Zirconyl
chloride octahydrate (ZrOCl,.8H20O) was purchased from Acros organics. Zirconium acetyl
acetonate (Zr(acac)s) was purchased from TCI chemicals. Dimethylformamide (DMF,
spectrophotometric grade, >99.9%), hydrochloric acid (HCl) and sulfuric acid (H.SO4) were
purchased from Fisher chemical. Benzoic acid was purchased from Alfa Aesar and trifluoroacetic
acid was purchased from Oakwood chemicals. Deuterated DMSO (DMSO-ds, 99.9%) was
purchased from Cambridge Isotope Laboratories, Inc.

Synthesis of mixed-ligand ROD-7 series

Mixed-ligand ROD-7 samples (ROD-7-TCPP-x, x=1-5) were prepared according to the
following procedure. First, InCls (3.8 x 102 mmol) was added to 75 uL of H>O and ultrasonically
dissolved in 1-dram vials. Then, TBAPy (1.43 x 102 mmol for ROD-7-TCPP-1; 1.39 x 102 mmol

for ROD-7-TCPP-2; 1.35 x 10> mmol for ROD-7-TCPP-3; 1.31 x 10> mmol for ROD-7-TCPP-

4; and 1.27 x 102 mmol for ROD-7-TCPP-5) and TCPP (3.16 x 10 mmol for ROD-7-TCPP-1;
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6.32 x 10* mmol for ROD-7-TCPP-2; 9.48 x 10* mmol for ROD-7-TCPP-3; 1.26 x 10 mmol
for ROD-7-TCPP-4; and 1.58 x 103 mmol for ROD-7-TCPP-5) of TCPP were added to the
reaction mixture. 0.8 ml of DMF was then added to the vials, which were further sonicated for 15
min to get a homogeneous reaction mixture. The vials were placed in an oven set at 120 °C for 3h.
After cooling to room temperature, the resulting mixed-ligand MOF samples were collected using
centrifugation. They were washed 5 times with DMF and then soaked in DMF for two days (with
fresh DMF replacement every day) to remove any free TBAPy that might have recrystallized. The
MOFs were then soaked in acetone, dried at room temperature and then activated by heating at 80
°C under vacuum.

Synthesis of mixed-ligand NU-901 series

Mixed-ligand NU-901 samples (NU-901-TCPP-x, x=1-5) were prepared according to the
following procedure. Zr(acac)s (0.2 mmol) and 4-aminobenzoic acid (22 mmol) were added to 8
ml of DMF and ultrasonically dissolved in 6-dram vials. The vials were then placed in an oven set
at 80 °C for 1 h. After allowing them to cool down to room temperature, TBAPy (5.77 x 102 mmol
for NU-901-TCPP-1; 5.69 x 10> mmol for NU-901-TCPP-2; 5.61 x 10> mmol for NU-901-
TCPP-3; 5.53 x 102 mmol for NU-901-TCPP-4; and 5.45 x 10> mmol for NU-901-TCPP-5) and
TCPP (8.22 x 10** mmol for NU-901-TCPP-1; 1.64 x 10> mmol for NU-901-TCPP-2; 2.46 x 10
3 mmol for NU-901-TCPP-3; 3.29 x 103 mmol for NU-901-TCPP-4; and 4.11 x 10> mmol for
NU-901-TCPP-5) were added to the reaction mixture. The vials were sonicated for 15 min to get
a homogeneous reaction mixture and then placed in an oven set at 100° C for 18 h. After cooling
to room temperature, the resultant mixed-ligand MOF samples were collected using centrifugation.
They were washed 5 times with DMF and then suspended in a vial containing 10 ml of DMF. 0.5

ml of concentrated HCI was added to this suspension and the vials were heated overnight in an
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oven set at 100 °C. The purpose of this HCI washing step is to remove the modulators coordinated
to the zirconium nodes. Subsequently, the MOF powders were collected using centrifugation,
washed 5 times with DMF and then soaked in DMF for two days (with fresh DMF replacement
every day) to remove any free TBAPy that might have recrystallized. The MOFs were later soaked
in acetone, dried at room temperature and then activated by heating at 80 °C under vacuum.

Synthesis of mixed-ligand NU-1000 series

Mixed-ligand NU-1000 samples (NU-1000-TCPP-x, x=1-5) were prepared according to the
following procedure. ZrOCl>.8H>O (0.30 mmol) and benzoic acid (16.38 mmol) were added to 8
ml of DMF and ultrasonically dissolved in 6-dram vials. The vials were then placed in an oven set
at 100 °C for 1 h. After allowing them to cool down to room temperature, TBAPy (5.77 x 1072
mmol for NU-1000-TCPP-1; 5.69 x 10> mmol for NU-1000-TCPP-2; 5.61 x 10> mmol for NU-
1000-TCPP-3; 5.53 x 10> mmol for NU-1000-TCPP-4; and 5.45 x 10> mmol for NU-1000-
TCPP-5) and TCPP (8.22 x 10* mmol for NU-1000-TCPP-1; 1.64 x 10~ mmol for NU-1000-
TCPP-2; 2.46 x 1073 mmol for NU-1000-TCPP-3; 3.29 x 10> mmol for NU-1000-TCPP-4; and
4.11 x 107 mmol for NU-1000-TCPP-5) were added to the reaction mixture. 10 uL. TFA (0.13
mmol) was then added to the vials, which were further sonicated for 15 min to get a homogeneous
reaction mixture. The vials were then placed in an oven set at 100 °C for 18 h. After cooling to
room temperature, the resultant mixed-ligand MOF samples were collected using centrifugation.
They were washed 5 times with DMF and then suspended in a vial containing 10 ml of DMF. 0.5
ml of concentrated HCI was added to this suspension and the vials were heated overnight in an
oven set at 100 °C. After completely the HCI activation step, the MOF powders were collected
using centrifugation, washed 5 times with DMF and then soaked in DMF for two days (with fresh

DMEF replacement every day) to remove any free TBAPy that might have recrystallized. The MOFs
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were later soaked in acetone, dried at room temperature and then activated by heating at 80 °C
under vacuum.

Powder X-ray Diffraction (PXRD)

A 600 W Rigaku MiniFlex powder diffractometer with a CuKa (0.15418 nm) radiation source
was used, with a sweeping range of 2-25° in continuous scanning mode. PXRD traces were
collected in 0.05° increments at a scanning rate of 0.5°/min.

Scanning Electron Microscopy (SEM)

SEM samples were prepared by suspending MOF powders in ethanol with sonication. The
resulting suspensions were drop-casted on precut glass slides. After drying, the glass slides were
mounted on SEM sample pegs with the help of double-sided copper tape. The sides of the glass
slides and the platform of sample peg were coated with conductive carbon paint purchased from
Electron Microscopy Sciences. A LEO (Zeiss) 1550 field-emission scanning electron microscope,
equipped with an in-lens detector, operating at 5.0 kV was used to obtain high-resolution images
of the MOF particles.

Steady state absorption spectroscopy

The TCPP:TBAPy loading ratios were quantified by digesting the mixed ligand MOFs in ~1M
NaOH solution (see Supplementary Information, Section 3). UV-Vis measurements were
performed on the digested samples using an Agilent Technologies 8453 UV—Vis diode array
spectrophotometer (1 nm resolution). The spectra were recorded with samples prepared in a 1-cm
quartz cuvette. The TCPP:TBAPy loading ratio in MOFs range from ~0.01 to 0.5.

Steady-state emission spectroscopy and time-resolved emission lifetimes

Steady-state and time resolved emission measurements were performed on MOF suspensions

in DMF (absorbance ~ 0.05). The steady-state emission spectra and quantum yields were obtained
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using a QuantaMaster Model QM-200-4E emission spectrophotometer from Photon Technology,
Inc. (PTI). The excitation light source was a 75 W Xe arc lamp (Newport). The detector was a
thermoelectrically cooled Hamamatsu 1527 photomultiplier tube (PMT). In order to determine the
absolute quantum yields, the sample compartment was replaced with an integrating sphere (PTI).

Time-resolved fluorescence lifetimes were obtained via the time-correlated single photon
counting technique (TCSPC) with the same QuantaMaster Model QM-200-4E emission
spectrophotometer from Photon Technology, Inc. (PTI) equipped with a 340 nm LED and a Becker
& Hickl GmbH PMH-100 PMT detector with time resolution of < 220 ps FWHM. Florescence

lifetime decays were analyzed with the help of Origin 9.0.

2.3 Computational Methods

2.3.1 Structure optimizations and Excited State Calculations

We first truncated the extended solid-state MOF structures into representative cluster models
(Figure 2). We assigned linker “A” as the donor chromophore that can potentially transfer energy
to all other TBAPy linkers in the model. Each model consists of several donor-acceptor (D-A)
pairs oriented along different directions (e.g., A-B, A-C, A-D, etc). All the zirconium-oxo nodes
in the model were removed and protons were added to the carboxylate groups (—COO) for
balancing the charge. The structures of the supramolecular D-A pairs were then constrained-
optimized at the B3LYP level of theory in vacuum, utilizing cc-pVDZ basis set, such that the
carboxylate groups of donor and acceptor were fixed at their corresponding crystallographic
coordinates.?*~?° This was done to ensure that the relative orientation of the donor and acceptor
does not change during optimization. TDDFT calculations were performed on the optimized
structures of donor and acceptor to evaluate their excited state properties at the B3LYP/cc-pVDZ

level of theory.26-28
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Viewed along c-axis Viewed along b-axis

NU-1000

e

Figure 2. Representative cluster models of ROD-7, NU-901 and (c) NU-1000 viewed along c-axis and b-
axis. TBAPy linkers are labelled with letters, “A” being the donor chromophore and other neighboring
linkers act as acceptor units.

The choice of the exchange-correlation functional is based on the results of a benchmarking
study, where we analyzed the performance of different functionals in computing the energies and
electronic configurations of 1% and 2" excited states of TBAPy monomer. Details regarding the
benchmarking study, the software used to calculate excitonic couplings, and oscillator strength
calculation are provided in Section 6 of Supplementary Information. All DFT and TDDFT
calculations were performed using the Gaussian 09 software package (with the help of WebMO

interface).??3°
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2.3.2 Excitation Energy Transfer Modelling

The rate of EET between two chromophores is heavily dependent on the interactions between
their electronic states.’! Stronger electronic interactions result in faster energy transfer rates. The
Coulombic excitonic coupling is a measure of the strength of these intermolecular electronic
interactions. Accurate computation of excitonic couplings is therefore of great utility in EET
studies. A fairly accurate and computationally cheap approach to calculate excitonic coupling is
to decompose the transition density of the individual chromophores into point charges that are
localized on atoms.*?~3* These point charges (also known as atomic transition charges, ATC’s) can

be derived from Mulliken population analysis and used to compute excitonic couplings (eq. 1),

Nm N;

_ 1 i 4
]ml _47TEZZ (R:n —R}) (1)

where ¢; and g;are ATC’s on chromophore m and chromophore / respectively; R; is the position of
atom 7 on chromophore m and R; is the position of atom j on chromophore /; N, is the total no. of
atoms on chromophore m and M, is the total no. of atoms on chromophore /.

The rate constant of EET between adjacent TBAPy chromophores can be calculated using the

excitonic couplings (eq. 2),

2n
kgpr = 71201 (2)
where J is the excitonic coupling associated with the So-to-S; transitions (ground-state to first-
excited state transition) and OI is the overlap integral between the experimental absorption and
fluorescence spectra of monomeric TBAPy solution.!!3> The overlap integral was found to be 0.04
eV,
In order to compute excitonic couplings, the ATC’s associated with the S; transition were

calculated for each monomer unit from Mulliken population analysis and their values scaled such
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that X(qiri)?> = f, where r; is the position of atom i and fis the experimental oscillator strength.3*33
The experimental oscillator strength was determined using eq. 3,

f=144x10"2e(v) dv (3)
where £(v) is the extinction coefficient (in L mol™! cm™) and v is the frequency (in Hertz).3#* The
scaled ATC’s were then used for calculating the excitonic couplings between the constituent
monomers. Based on eq. 2, the rate constants of EET (kzer) were calculated along different
directions.

2.4 Results and Discussion

2.4.1 Synthesis and Structural Characterization

Mixed ligand MOFs of ROD-7, NU-901 and NU-1000 were synthesized as described in
Scheme 1. The amounts of TBAPy and TCPP in the reaction mixture were systematically varied
to obtain a series of MOFs with different TCPP:TBAPy loading ratios. Son et al. have previously
shown that a small amount of quencher can cause amplified fluorescence quenching in MOFs.?
The amounts of TBAPy and TCPP were therefore chosen such that the TCPP:TBAPYy ratios in the
resulting MOFs are fairly low (in the range of 1-5%). Details of the synthetic procedures are
provided in the Experimental Section. PXRD traces of the resulting mixed-ligand MOF samples
were compared to the simulated traces of their respective parent frameworks. The experimental
traces of the mixed-ligand MOF samples match with the simulated traces indicating high phase
purity (Figure 3). The morphology of mixed-ligand MOF particles was examined with the help of
SEM imaging (see Supplementary Information, Section 2). SEM images revealed that the sizes
and shapes of mixed-ligand MOF particles match those of the parent frameworks, further
confirming that the mixed-ligand MOFs retain the crystalline properties of their parent

frameworks.
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Scheme 1. Synthesis of mixed-ligand ROD-7, NU-901 and NU-1000 MOFs. Atoms corresponding to TCPP

linkers are shown in magenta.
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Figure 3. PXRD patterns of mixed-ligand (a)ROD-7, (b) NU-901 and (c) NU-1000 MOFs. The values in

the legend indicate the [TCPP]/[TBAPy] loading ratios in MOF sample.
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Incorporation of TCPP in the backbone of mixed-ligand MOFs was confirmed with the help
of time resolved fluorescence measurements. Immobilization of TCPP in a MOF affects its
structural conformation and macrocyclic ring planarity, which in turn affects its fluorescence
lifetime. Lifetime of TCPP units in mixed-ligand MOFs is therefore expected to differ from that
of free TCPP in solution (see Supplementary Information, Section 7). Furthermore, the lifetime of
TCPP units in mixed-ligand MOFs was compared to the lifetime of isostructural TCPP-based
MOFs. The lifetimes are quite similar, indicating that TCPP units are part of the backbone of
mixed-ligand MOFs. The ratio of TCPP and TBAPYy in the mixed-ligand MOFs was quantified by
performing electronic absorption measurements on their digested samples (see Supplementary
Information, Section 3). MOF samples were weighed and then digested in 1M NaOH solution. The
results confirmed that the ratios of TBAPy and TCPP in each of the three series are in the 1-5%
range. We prepared a total of nine mixed-ligand MOF series, three for each of the MOFs.

2.4.2 Time resolved fluorescence measurements and Stern-Volmer analysis

To explore the effect of MOF topology on energy transfer dynamics of mixed-ligand MOFs,
we performed time resolved fluorescence measurements. MOF samples were excited at 340nm
and the emission was monitored at 475 nm. It should be noted that upon excitation at 340 nm,
TBAPy emits in the 400-600 nm region and TCPP emits in the 600-750 nm region (see
Supplementary Information, Section 4). Given that TCPP emission at 475 nm is negligible, the
fluorescence signal from the mixed-ligand MOFs should be exclusively due to TBAPy. The
fluorescence decay curves for the ROD-7 series, NU-901 series and NU-1000 series are shown in
Figure 4. The decay curves were best fit to a bi-exponential decay model (eq. 4),

I1(t) = Aje /1 + A et/ 4)

where 11 and T, represent the lifetime components (shorter and longer respectively), and A; and
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A represent their respective relative contributions. Lifetime data extracted from the bi-exponential
model revealed that the shorter lifetime (z;) is comparable to the lifetime of free TBAPy ligand in
solution (see Supplementary Information, Section 4). Thus, 7; is attributed to TBAPy linkers in the
MOF that exhibit monomeric behavior. The longer lifetime (z2) can be attributed to excimer

species formed in the MOFs upon excitation. Previous photophysical investigations on ROD-7,
NU-901 and NU-1000 have reported that the high number density and close proximity of TBAPy

linkers in these MOFs leads to very fast excimer formation dynamics.>>-’
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Figure 4. Time resolved emission decay profiles of (a) mixed-ligand ROD-7 samples, (b) mixed-ligand
NU-901 samples, (c¢) mixed-ligand NU-1000 samples, and (d) TBAPy solution. The values in the legend

indicate the [TCPP]/[TBAPy] loading ratios in MOF samples and TBAPy solution (Aexe = 340 nm, Aem =

475 nm). The biexponential decay fits (shown in red) are overlaid onto the data curves.
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The fluorescence lifetime of a donor chromophore is given by eq. 5,

1
Tdonor = KTk (5)

where k; and ki are the rates of radiative and non-radiative processes that can depopulate the
excited state.> EET to an acceptor acts as an additional depopulation pathway causing the lifetime

of donor to decrease (eq. 6).

1
Tdonor = kr + knr + kEET (6)

The monomer lifetime (7;7) in mixed-ligand MOFs was observed to be sensitive to TCPP loading
concentration. 7; was found to decrease on increasing TCPP loading as shown in Table S1, S2 and
S3 (see Supplementary Information, Section 4). This is ascribed to quenching of TBAPy
fluorescence via energy transfer to TCPP. A modified Stern-Volmer relationship was employed to
relate the extent of TBAPy quenching to the ratio of TCPP and TBAPy concentration in MOF (eq.
7),

5 Lk [TCPP] ,
o SV [TBAPy] ™)

where 11" is the monomer lifetime in the absence of TCPP, 11 is the monomer lifetime at a particular
loading concentration of TCPP, and Ksy is the Stern-Volmer constant. Ksyv values are the slopes
of the linear regression fits of Stern-Volmer plots (Figure 5). The magnitude of Ksy can be used
for qualitative comparisons of EET efficiency in MOFs, a higher Ksy indicating a higher EET
efficiency. Average Ksy values and the corresponding standard deviations for the three MOFs and

TBAPYy solution are shown in Table 1.
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Figure 5. Stern-Volmer plots for ROD-7, NU-901, NU-1000 and TBAPy solution. Linear fits of the data

are overlaid onto the data points.

Table 1. Stern-Volmer constants for ROD-7, NU-901, NU-1000 and TBAPy solution

Ksv (M) K2 R (A) (nm* M]-l cm™) % ®o
ROD-7 15.03 £ 0.82 1 7.12 5.41 x 10 73+14
NU-901 10.25 £ 0.99 0.37 9.57 3.79 x 10 11.7£1.9
NU-1000 8.16 £ 0.41 0.28 10.62 2.57 x 10 16.2+2.2
TBAPy 3.35+0.30 - - 1.15 x 10 584+49

Comparison of the Stern-Volmer constants revealed two interesting trends. First, Ksy value for
the TBAPy solution was lower than that of the MOFs suggesting that the strut-to-strut energy
transfer mechanism in MOFs outperforms the diffusion-controlled mechanism in solution phase.
Facilitated by favorable alignment of chromophores, MOFs are able to demonstrate efficient, long-
range energy transfer.”28 Second, among the three MOFs, EET efficiency is highest in ROD-7,
followed by NU-901 and NU-1000. In order to understand this trend, we analyzed
interchromophoric distances (R) and orientation factors (k?) of TBAPy linkers that are most
closely positioned in space. Deria et al. have previously shown that interchromophoric interactions

in these MOFs predominantly originate from the two most closely spaced linkers.?” They simulated
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the absorption and emission spectrum of dimeric models of the two most closely positioned
TBAPy linkers in space and found them to be in good agreement with the corresponding
experimental spectra of MOFs. It was thus concluded that structural features of dimeric models
can serve as a reasonable representation of the frameworks. Among the three dimeric models in
Figure 6, TBAPy chromophores in ROD-7 model are held in closest proximity. Since the TBAPy
chromophores in ROD-7 model are arranged in a cofacial manner, it has a higher x> as well.
According to the Forster theory for energy transfer, the efficiency of energy transfer between the

two TBAPy chromophores is given by eq. 8,

1
F=——" (8)

6
1+ (R%)

where R is the donor-acceptor distance and Ry is the Forster distance,

~ <9000(1n10)1<2 CDD]>% ©

128n°N,n*
where «? is the orientation factor, J is the spectral overlap integral, ®p is the fluorescence quantum

yield of donor in the absence of acceptor, and 7 is the refractive index of the surrounding media.*-*°

(a) (b) (©
Interchromophoric distance = 7.12 A Interchromophoric distance = 9.57 A Interchromophoric distance = 10.62 A
Orientation factor (k2) = 1.00 Orientation factor (x2) = 0.37 Orientation factor (k2) = 0.28

Figure 6. Dimeric models of the most closely positioned TBAPy linkers in (a) ROD-7, (b) NU-901 and (c)

NU-1000

60



Based on eq. 8 and 9, it can be inferred that the higher EET efficiency in ROD-7 is a result of
shorter R and larger x? value. The shorter the interchromophoric distance, the stronger is the
electronic coupling between the excited states of donor and acceptor chromophores. Similarly, a
larger k2 value means that the transition dipole moments of chromophores are favourably oriented
to undergo rapid energy transfer. Between NU-901 and NU-1000, R and «? values favor NU-901,
which is reflected in its higher Ksv value.

According to equations 8 and 9, the spectral overlap integral (/) and quantum yield of donor
(®p) also influence the energy transfer efficiency. To probe the impact of spectral overlap integral,
we calculated the J values for the three MOFs and TBAPy solution (see Supplementary
Information, Section 2.6.8). Table 1 indicates that the spectral overlap integrals also influence the
energy transfer efficiency in ROD-7, NU-901 and NU-1000. Larger magnitudes of J result in
higher Ksv values and, therefore, higher EET efficiencies. It is expected that MOFs with larger
quantum yields should demonstrate higher energy transfer efficiencies. However, we see an
opposite trend in Table 1. For instance, ROD-7 has the smallest quantum yield but demonstrates
the largest Ksv value. Thus, we concluded that quantum yields have little to no impact on energy
transfer efficiencies.

2.4.3 EET efficiency of mixed-ligand MOFs

Steady state fluorescence measurements were performed to calculate the EET efficiencies in
the mixed-ligand MOFs (Figure 7). The MOFs were excited at 340nm and the fluorescence
intensity was monitored in the 400-750 nm range. Emission peaks corresponding to TBAPY (Amax
=450 nm) and TCPP (Amax = 650 nm) were observed in the spectra. The intensity of these peaks
is influenced by energy transfer events taking place between TBAPy and TCPP. It should be noted

that some of the TBAPy and TCPP units in the MOF assembly do not participate in energy transfer
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and emit directly after excitation. The peak intensities should therefore have contribution from (a)
direct emission and (b) emission arising from EET events. The fluorescence intensity

corresponding to the TCPP population in the MOF is given by eq. 10,

Ircpp = (k X Crcpp X ®repp X Ercpp) + (k X Crpapy X @ X Ergapy X E) (10)

TCPP

where k is a proportionality constant that accounts for instrumental response, Crsapy and Crcpp are
the respective loading concentrations of TBAPy and TCPP in the mixed-ligand MOF samples,
®rBAry and Drcpp are emission quantum yields of TBAPy and TCPP respectively, ersapy and ercpp
are the molar absorption coefficients of TBAPy and TCPP respectively, and E is the EET
efficiency.*® The first term in eq. 7 represents fluorescence due to direct emission and the second
term represents fluorescence contribution from EET.

Similarly, the fluorescence intensity corresponding to the TBAPy population is given by eq. 11,

ItBapy = (k X Crpapy X Drpapy X STBAPy) - (k X Crpapy X @ X Ergapy X E) (11)

TCPP

Equation 10 and 11 were employed to derive the expression for EET efficiency (eq. 12, see Section

5 of Supplementary Information for complete derivation),

B (I'x Drpapy X Erpary) — (N X Prepp X Ercer )
(I' X Orepp X STBAPy) + (Drepp X STBAPy)

(12)

where I’ is the ratio of the integrated emission intensities of TCPP and TBAPy (Itcpp/ITBaPy) and
was obtained using steady state fluorescence measurements. m is the ratio of the loading

concentrations of TCPP and TBAPy (Crcpp/CrBAPy).
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Figure 7. Normalized steady state fluorescence spectra of (a) mixed-ligand ROD-7 samples, (b) mixed-
ligand NU-901 samples, (c) mixed-ligand NU-1000 samples, and (d) TBAPy solution. The values in the
legend indicate the [TCPP]/[TBAPy] loading ratios in MOF samples and TBAPy solution (Aexe = 340 nm).

The calculated EET efficiencies for mixed-ligand MOFs and for TBAPy solution are reported
in Table S4, S5, S6 (See Supplementary Information, Section 6). In order to better understand the
dependence of EET efficiency on MOF structure, the efficiencies were plotted against 1 and fit to
a linear regression model (Figure 8). Using the trendline equations, the EET efficiencies
corresponding to n = 0.02 were calculated for the MOFs and the solution (Table 3). The
efficiencies are in the following order: ROD-7 > NU-901 > NU-1000 > TBAPy-solution. The
results of this experiment agree with the findings of time resolved fluorescence measurements
(Section 3.2), further confirming that structural parameters of a MOF such as interchromophoric

distance and «? dictate its EET efficiency.
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Figure 8. %EET efficiencies plotted against the [TCPP]/[TBAPy] loading ratios of ROD-7, NU-901, NU-
1000 and TBAPy solution. Linear fits of the data are overlaid onto the data points.

Table 3. %EET efficiencies (corresponding to = 0.02) for the MOFs and TBAPy solution

%EET efficiency @ n = 0.02
ROD-7 25.48 £ 1.41
NU-901 19.81 £1.13
NU-1000 16.73 £ 0.98
TBAPy 11.44 £0.76

2.4.4 Excitonic couplings and EET anisotropy in MOF's

Excitonic couplings and energy transfer rate constants (kger) calculated based on atomic
transition charges are shown in Table 4. In ROD-7, the energy transfer rate constant is largest
along the A-B direction (stacking direction), almost an order of magnitude larger than each of the
other directions. However, in NU-901 and NU-1000, the rate constants along different directions
are quite similar in magnitude. Previous studies on EET dynamics in MOFs have shown that the
direction with the largest keet is the preferred energy transfer direction.’* Energy transfer in ROD-
7 is therefore predicted to be significantly anisotropic, and primarily directed along the A-B

direction (Figure 9). On the other hand, energy transfer in NU-901 and NU-1000 is expected to be
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more isotropic than in ROD-7, spread-out along five (A-B, A-E, A-C, A-F, A-H) and three (A-B,
A-C, A-G) different directions respectively. Directional energy transfer is less likely to be achieved
in NU-901 and NU-1000.

Table 4. Calculated excitonic couplings and energy transfer rate constants (kzzr) along different directions

in ROD-7, NU-901 and NU-1000

ROD-7 Excitonic coupling (eV) keer (s1)
A-B 0.006 7.12 x 10°
A-D, A-E, A-G, A-H, A-1 0.002 7.91 x 108
A-C, A-F 0.001 1.98 x 10%
NU-901
A-B, A-E 0.004 3.16 x 10°
A-C, A-F, A-H 0.003 1.78 x 10°
A-D, A-G 0.001 1.98 x 10%
NU-1000
A-B, A-C 0.004 3.16 x 10°
A-G 0.003 1.78 x 10°
A-D, A-E, A-F 0.001 1.98 x 108

The underlying network topologies of NU-901 and NU-1000 have higher connectivity and are
more intricate than the topology of ROD-7. Consequently, the number of TBAPy linkers in a given
volume of space is greater for NU-901 and NU-1000. With more competing energy transfer

pathways, EET anisotropy in NU-901 and NU-1000 is diminished relative to ROD-7.
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Viewed along c-axis Viewed along b-axis

NU-1000

Figure 9. Preferred energy transfer directions in the representative cluster models of ROD-7, NU-901 and

(c) NU-1000 (shown by arrows in black).

2.5 Conclusions

A series of mixed-ligand ROD-7 (ROD-7-TCPP-1 to ROD-7-TCPP); NU-901 (NU-901-
TCPP-1 to NU-901-TCPP-5); and NU-1000 (NU-1000-TCPP-1 to NU-1000-TCPP-5) samples
were prepared solvothermally by adding appropriate ratios of 1,3,6,8-tetrakis(p-benzoic
acid)pyrene (TBAPy) and meso-tetrakis(4-carboxy-phenyl)porphyrin (TCPP) in the synthesis.
Phase-purity of these samples was confirmed using PXRD and SEM imaging. Time resolved and

steady state fluorescence spectroscopy were employed to study the photophysical properties of
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mixed-ligand MOFs. Stern-Volmer plots (constructed using lifetime data) and EET efficiency
calculations revealed that energy transfer is sensitive to the 3D structure of MOFs. The magnitudes
of Stern-Volmer quenching constants (Ksy) for ROD-7, NU-901 and NU-1000 were found to be
15.03 £ 0.82 M1, 10.25 £ 0.99 M! and 8.16 + 0.41 M! respectively, indicating that TBAPy
fluorescence is quenched to a greater extent in ROD-7 as compared to NU-901 and NU-1000. EET
efficiencies calculated with the help of steady-state fluorescence data further supported the trend
observed in Ksv values. To understand this trend, we analyzed the interchromophoric distances
(R) and orientation factors (k?) of dimeric models of ROD-7, NU-901 and NU-1000.
Interchromophoric distance and k? influence the strength of electronic communication between
TBAPy chromophores, which in turn influences the EET efficiency. A correlation between the
spectral overlap integrals (J) and EET efficiency was also observed. Larger the magnitude of J,
higher is the Ksv and %EET efficiency. The superior EET performance of ROD-7 is therefore
attributed to shorter interchromophoric distance, larger k* value, and larger J value. Moreover, a
control experiment was performed to assess how EET efficiency in MOFs compares to that in
solution phase. Efficiency in solution was inferior to MOFs, signalling that the ligand-to-ligand
energy transfer mechanism in MOFs is more effective than the diffusion-controlled solution
mechanism. Finally, EET anisotropy in these MOFs was evaluated by calculating excitonic
couplings between adjacent TBAPy linkers using the atomic transition charges approach. The
couplings were used to calculate the rate constants of EET along different directions. Energy
migration in ROD-7 is estimated to be highly anisotropic along the stacking direction. The highly
efficient, directional energy transfer in ROD-7 suggests that it can potentially serve as the light

harvesting and energy-transfer component in artificial light harvesting devices.
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2.6 Supplementary Information

2.6.1 Synthesis of 1,3,6,8-tetrakis(p-benzoic acid)pyrene

TBAPy was synthesized according to a previously published procedure.?’ A mixture of (4-
(methoxycarbonyl)phenyl)boronic acid (1.040 g, 5.80 mmol), 1,3,6,8- tetrabromopyrene (0.500 g,
0.97 mmol), tetrakis(triphenylphosphine) palladium(0) (0.030 g 0.026 mmol), and potassium
tribasic phosphate (1.100 g, 5.30 mmol) in dry dioxane (20 mL) was loaded into a 50 mL round
bottom flask. This mixture was stirred under argon for 72 h at 130°C in an oil bath. The reaction
mixture was evaporated to dryness and the solid residue was washed with water to remove
inorganic salts. The insoluble material was extracted with chloroform (three times by 50 mL), the
extract was dried over magnesium sulfate, and the solvent volume was reduced under vacuum.
The residue was boiled in tetrahydrofuran for 2h and filtered; the resulting filtrate contained mainly
impurities. This procedure gave 0.34 g of 1,3,6,8-tetrakis(4- (methoxycarbonyl)phenyl)pyrene.

To a 250 mL round bottom flask containing 0.34 g of solid 1,3,6,8-tetrakis(4-
(methoxycarbonyl)phenyl)pyrene, a solution containing 1.2 g NaOH in 80 mL of a THF/water
(ratio 1:1) mixture was added and the resultant suspension was vigorously stirred under reflux
overnight. The solvents were removed under vacuum and water was added to the residue which
formed a clear yellow solution. The clear yellow solution was stirred at room temperature for 2 h
and the pH value was adjusted to 1 using concentrated HCl. The resulting yellow solid was
collected by filtration, and washed with water several times. The crude product was recrystallized
from DMF, filtered, washed with chloroform and dried under vacuum. This gave 0.24 g of the
pure product TBAPy.
'"H NMR (400 MHz, DMSO-ds): & 8.20 (s, 4H), 8.16 (d, 8H), 8.08 (s, 2H), 13.1 (s, 4H), 7.86 (d,

$H)
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2.6.2 Scanning electron microscopy images

0.031

Figure S1. SEM-images of mixed-ligand ROD-7 MOFs. The values below the images indicate the

[TCPP]/[TBAPy] loading ratios in MOF samples.

0.052

Figure S2. SEM-images of mixed-ligand NU-901 MOFs. The values below the images indicate the

[TCPP]/[TBAPy] loading ratios in MOF samples.
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Figure S3. SEM-images of mixed-ligand NU-1000 MOFs. The values below the images indicate the

[TCPP]/[TBAPy] loading ratios in MOF samples.
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2.6.3 Electronic absorption (UV-Vis) measurements on digested MOF samples

1.04 a.=305nm
8 : m ” —TBAPy
% 0.8- — TCPP
0 )
8 0.6-
Q -
<
o 0.4-/
O
N 1
© i
g 0.2
o) 1 A=515nm
Z 0_0 b—~

300 400 500 600 700
Wavelength (nm)

Figure S4. Electronic asorption spectrum of TBAPy and TCPP in 1 M NaOH solution

A =305 nm - Only TBAPy absorbs at this wavelength

A =515 nm - Only TCPP absorbs at this wavelength
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Figure SS. Electronic absorption spectrum of a mixed-ligand ROD-7 MOF digested in a | M NaOH

solution
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2.6.4 Time resolved fluorescence measurements
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Figure S6. Fluorescence spectrum of (a) TBAPy (10 M, DMF) and (b) TCPP (10 M, DMF)
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Figure S7. Time resolved emission decay profile of monomeric TBAPy (10 M, DMF). The

mono-exponential decay fit (shown in red) is overlaid onto the data curve.
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Figure S8. Time resolved emission decay profiles of (a) mixed-ligand ROD-7 samples, (b) mixed-ligand
NU-901 samples, (c) mixed-ligand NU-1000 samples, and (d) TBAPy solution (10~ M) for the first series.
The biexponential decay fits (shown in red) are overlaid onto the data curves. The values in the legend

indicate the [TCPP]/[TBAPy] loading ratios in MOF samples and TBAPy solution (Aexe = 340 nm, Aem =

475 nm).
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Figure S9. Time resolved emission decay profiles of (a) mixed-ligand ROD-7 samples, (b) mixed-ligand
NU-901 samples, (c) mixed-ligand NU-1000 samples, and (d) TBAPy solution (10~ M) for the second
series. The biexponential decay fits (shown in red) are overlaid onto the data curves. The values in the

legend indicate the [TCPP]/[TBAPy] loading ratios in MOF samples and TBAPy solution (Aexc = 340 nm,

Aem= 475 nm).
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Figure S10. Time resolved emission decay profiles of (a) mixed-ligand ROD-7 samples, (b) mixed-ligand
NU-901 samples, (c) mixed-ligand NU-1000 samples, and (d) TBAPy solution (10~ M) for the third series.
The biexponential decay fits (shown in red) are overlaid onto the data curves. The values in the legend
indicate the [TCPP]/[TBAPy] loading ratios in MOF samples and TBAPy solution (Aexe = 340 nm, Aem=

475 nm).
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Table S1. Lifetime data for Series-1. t; and 1, are the two observed lifetimes. A; and A, represent the
relative contributions of t; and 12 respectively.

ROD-7 NU-901
[TCPP])/[TBAPy] | Ai T1 Az 1, | [TCPP]/[TBAPy] | A: T | A2 T2
(ns) (ns) (ns) (ns)
0 0.62 | 1.36 | 0.38 | 451 |0 0.73 | 1.16 | 0.27 | 4.49
0.009 0.64 | 1.15 | 0.36 | 4.39 | 0.012 0.76 | 1.05 | 0.24 | 4.71
0.022 0.7 [1.03 ]0.30 | 4.65 | 0.023 0.69 10.97 | 031 | 4.6
0.031 0.58 1091 | 0.42 | 4.82 | 0.03 0.78 10.90 | 0.22 | 4.95
0.041 0.67 | 0.83 | 0.33 | 4.34 | 0.042 0.74 1 0.84 | 0.26 | 4.48
0.053 0.65 1 0.77 | 0.35 | 4.43 | 0.052 0.79 10.79 | 0.21 | 441
NU-1000 TBAPYy solution
[TCPP]/[TBAPy] | A1 | 1) Az 1, | [TCPP]/[TBAPy] | A: T1 Az T2
(ns) (ns) (ns) (ns)
0 0.81 1091 0.19 |15.07 |0 042 [ 1.94 | 0.58 | 5.24
0.011 0.83 10.84 | 0.17 | 4.69 | 0.01 0.49 | 1.87 | 0.51 | 5.42
0.021 0.77 1 0.79 | 0.23 | 5.26 | 0.02 0.39 | 1.81 | 0.61 |5.02
0.033 0.8510.74 | 0.15 | 4.74 | 0.03 0.45 | 1.76 | 0.55 | 5.59
0.042 08 107 |02 |5.13 |0.04 046 | 1.72 | 0.54 | 5.13
0.049 0.87 10.65 | 0.13 | 4.89 | 0.05 0.52 | 1.68 | 0.48 | 5.28

Table S2. Lifetime data for Series-2. t; and 1, are the two observed lifetimes. A; and A, represent the
relative contributions of t; and 12 respectively.

ROD-7 NU-901
[TCPP]/[TBAPy] | A1 | 1) Az 1, | [TCPP]/[TBAPy] | A: T1 Az T2
(ns) (ns) (ns) (ns)
0 0.651.41 1035459 |0 0.68 | 1.19 | 0.32 | 4.56
0.011 0.59 | 1.21 | 0.41 | 4.42 | 0.009 0.72 | 1.08 | 0.28 | 4.28
0.02 0.69 | 1.06 | 0.31 | 4.35 | 0.022 0.77 10.95 | 0.23 | 437
0.029 0.63 10.94 | 0.37 | 4.68 | 0.034 0.73 1 0.87 | 0.27 | 4.35
0.039 0.59 1 0.86 | 0.41 | 4.54 | 0.043 0.75 1 0.81 | 0.25 | 4.58
0.049 0.67 108 ]0.33 |4.39 | 0.051 0.80 [ 0.77 | 0.20 | 4.47
NU-1000 TBAPYy solution
[TCPP]/[TBAPy] | A1 | 1) Az 1, | [TCPP]/[TBAPy] | A: T1 Az T2
(ns) (ns) (ns) (ns)
0 0.78 1094 | 022 1475 | 0 047 [ 1.91 | 0.53 | 5.04
0.008 0.82 10.86 | 0.18 | 5.13 | 0.01 041 | 1.85 | 0.59 | 5.51
0.019 0.86 | 0.77 | 0.14 | 4.81 | 0.02 048 | 1.81 | 0.52 | 5.17
0.032 0.83 10.72 | 0.17 | 5.41 | 0.03 036 | 1.74 | 0.64 | 5.37
0.043 0.89 1 0.69 | 0.11 | 4.89 | 0.04 0.41 | 1.68 | 0.59 | 5.26
0.052 0.86 | 0.65 | 0.14 | 4.96 | 0.05 0.43 [ 1.65 | 0.57 | 5.34

77



Table S3. Lifetime data for Series-3. t; and 1, are the two observed lifetimes. A; and A, represent the
relative contributions of t; and 12 respectively.

ROD-7 NU-901
[TCPP]/[TBAPy] | A1 | 1) Az 1, | [TCPP]/[TBAPy] | A: T1 Az T2
(ns) (ns) (ns) (ns)
0 0.62 | 1.37 1 0.38 1433 |0 0.66 | 1.20 | 0.34 | 4.29
0.01 0.64 | 1.21 | 0.36 | 4.49 | 0.013 0.70 | 1.08 | 0.30 | 4.41
0.021 0.59 | 1.07 | 0.41 | 4.58 | 0.021 0.74 10.98 | 0.26 | 4.60
0.029 0.6510.94 | 0.35 | 4.64 | 0.032 0.75 [ 0.89 | 0.25 | 4.52
0.043 0.67 | 0.88 | 0.33 | 4.54 | 0.042 0.78 1 0.83 | 0.22 | 4.38
0.051 0.60 | 0.77 | 0.40 | 4.40 | 0.05 0.77 10.78 | 0.23 | 4.51
NU-1000 TBAPYy solution
[TCPP]/[TBAPy] | A1 | 1) Az 1, | [TCPP]/[TBAPy] | A: T1 Az T2
(ns) (ns) (ns) (ns)
0 0.84 10.89 | 0.16 | 5.18 | 0 0.49 [ 1.97 | 0.51 | 5.44
0.011 0.88 10.82 | 0.14 | 4.99 | 0.01 0.38 | 1.89 | 0.62 | 5.18
0.02 0.76 1 0.76 | 0.24 | 4.92 | 0.02 0.44 | 1.84 | 0.56 | 5.54
0.028 0.82 10.71 | 0.18 | 5.44 | 0.03 0.49 | 1.75 | 0.51 | 5.42
0.041 0.79 1 0.66 | 0.21 | 4.83 | 0.04 042 | 1.71 | 0.58 | 5.25
0.049 0.8510.63 | 0.15 | 5.08 | 0.05 0.47 | 1.67 | 0.53 | 5.31
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2.6.5 Steady state fluorescence measurements
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Figure S11. Normalized steady state fluorescence spectra of (a) mixed-ligand ROD-7 samples, (b)
mixed-ligand NU-901 samples, (c) mixed-ligand NU-1000 samples, and (d) TBAPy solution (10~ M) for
the first series. The values in the legend indicate the [TCPP]/[TBAPy] loading ratios in MOF samples and

TBAPy solution (Aexe= 340 nm).
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Series-2
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Figure S12. Normalized steady state fluorescence spectra of (a) mixed-ligand ROD-7 samples, (b)
mixed-ligand NU-901 samples, (c) mixed-ligand NU-1000 samples, and (d) TBAPy solution (10~ M)
phase for the second series. The values in the legend indicate the [TCPP]/[TBAPy] loading ratios in MOF

samples and TBAPy solution (Aexe = 340 nm).
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Series-3
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Figure S13. Normalized steady state fluorescence spectra of (a) mixed-ligand ROD-7 samples, (b)
mixed-ligand NU-901 samples, (c) mixed-ligand NU-1000 samples, and (d) TBAPy solution (10~ M)

phase for the third series. The values in the legend indicate the [TCPP]/[TBAPy] loading ratios in MOF

samples and TBAPy solution (Aexe = 340 nm).
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Derivation for EET efficiency
The derivation for EET efficiency is based on a previously published report.*

The fluorescence intensity corresponding to the TCPP population in the MOF is given by eq. 1,

Itcpp = (k X Crcpp X @repp X Ercpp) + (k X Crpapy X @ X Ergapy X E) €Y)

TCPP

where k is a proportionality constant that accounts for instrumental response, Creapy and Crcpp
are the respective loading concentrations of TBAPy and TCPP in the mixed-ligand MOF
samples, @teapry and Drcpp are emission quantum yields of TBAPy and TCPP respectively,
etBapy and ercpp are the molar absorption coefficients of TBAPy and TCPP respectively, and E is
the EET efficiency. The first term in eq. 1 represents fluorescence due to direct emission and the
second term represents fluorescence contribution from EET.

Dividing both sides of equation 1 by Crgapy, we get

ITCPP

C = (k x n X ®Orepp X Eqcpp) + (k X ®pcpp X Ergapy X E(n)) (2)
TBAPy

The fluorescence intensity corresponding to the TBAPy population is given by eq. 3,

ItBapy = (k X Crpapy X Drpapy X STBAPy) - (k X Crpapy X CDTCPP X Ergapy X E) 3)

Dividing both sides of eq. 3 by Cteapy, We get

ITBAPY

Craany = (k X cDTBAPy X STBAPy) - (k X CDTCPP X STBAPy X E) (4)

Now dividing equation 3 by equation 4,

Ircpp (M X Drcpp X Epcpp) + (@repp % Erpapy X E)

ItBAPY B (CDTBAPy X 8TBAPy) - (CDTCPP X Erpapy X E)

(5)

Rearranging terms,
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(I'x ®rgapy X Erpapy) = (N X Ppepp X Ercep )

E=
(I' X Drepp X STBAPy) + (Drepp X STBAPy)

(6)

I’ is the ratio of the integrated emission intensities of TBAPy and TCPP (Itcpe/ITBAPY) and was
obtained using steady state fluorescence measurements. 7 is the ratio of the loading

concentrations of TCPP and TBAPy.

Table S4. Percent efficiency values for Series-1

ROD-7 NU-901

[TCPP]/[TBAPy] | % efficiency | [TCPP]/[TBAPy] | % efficiency
0.009 15.65 0.012 12.71

0.022 26.11 0.023 21.09

0.031 35.56 0.03 31.80

0.041 40.93 0.042 37.91

0.053 49.99 0.052 44.59
NU-1000 TBAPYy soln.

[TCPP]/[TBAPy] | % efficiency | [TCPP]/[TBAPy] | % efficiency
0.011 10.12 0.01 7.01

0.021 17.34 0.02 12.76

0.033 24.80 0.03 17.86

0.042 33.32 0.04 21.61

0.049 38.72 0.05 25.45

Table S5. Percent efficiency values for Series-2

ROD-7 NU-901

[TCPP]/[TBAPy] | % efficiency | [TCPP]/[TBAPy] | % efficiency
0.011 17.59 0.009 13.55

0.02 27.31 0.022 22.49

0.029 36.63 0.034 31.13

0.039 43.54 0.043 37.35

0.049 50.15 0.051 44.26
NU-1000 TBAPYy soln.

[TCPP]/[TBAPy] | % efficiency | [TCPP]/[TBAPy] | % efficiency
0.008 10.55 0.01 6.54

0.019 17.27 0.02 10.21

0.032 24.28 0.03 15.92

0.044 32.64 0.04 19.07

0.052 37.20 0.05 22.47
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Table S6. Percent efficiency values for Series-3

ROD-7 NU-901

[TCPP]/[TBAPy] | % efficiency | [TCPP]/[TBAPy] | % efficiency
0.01 14.65 0.013 12.56

0.021 24.42 0.021 20.33

0.029 34,71 0.032 30.41

0.043 41.51 0.042 36.69

0.051 51.70 0.05 44.17
NU-1000 TBAPYy soln.

[TCPP]/[TBAPy] | % efficiency | [TCPP]/[TBAPy] | % efficiency
0.011 9.82 0.01 7.94

0.02 16.81 0.02 12.17

0.028 24.40 0.03 15.83

0.041 33.16 0.04 19.47

0.049 38.95 0.05 23.58

84




2.6.6 Computational details

Benchmarking studies

A benchmark study of various density functionals was performed to analyze their
performance in the characterization of electronic properties of TBAPy monomer. We calculated
the energies corresponding to the 1 and 2" excited state of TBAPy (ES; and ES>) using
different functionals, and compared them to published results obtained by multi-reference

perturbation theory (MRPT).*!

Table S7. Excitation energies (in eV) calculated using MRPT (reported in reference 3)

ES; ES,

MRPT 3.07 3.24

Table S8. Excitation energies (in eV) calculated using different density functionals. Errors values (AES;

and AES>) for the density functionals (= Emrer - Etoprr). cc-pVDZ basis set was used for all the calculations.

TDDFT ES: AES; ES; AES>
B3LYP 3.02 0.05 3.43 -0.19
PBEO 3.12 -0.05 3.55 -0.31
MO06 3.05 0.02 3.49 -0.25
CAM-B3LYP 3.45 -0.38 3.80 -0.56
wB97X-D 3.49 -0.42 3.82 -0.58
LC-wPBE 3.74 -0.67 3.96 -0.72
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We also computed the dominant electronic configurations of ES; and ES:; using different

functionals and compared them to the configurations obtained by MRPT (reported in reference 3).

Table S9. Main configurations of the excited states and their weight percentages.

ES: ES,
MRPT HOMO - LUMO (87%) Egﬁg_?; U%ﬁcl) 8%2//3
B3LYP HOMO - LUMO (97%) ggﬁgf ;‘ULI%?B 822;3
PBEO HOMO - LUMO (97%) Egﬁg_?; U]_{\{IJCKI(I) 231(9)‘;//3
MO06 HOMO - LUMO (96%) Egﬁg_?; ijﬁé ggz//z;
CAM-B3LYP HOMO - LUMO (94%) ggﬁgfg%ﬁé g%ﬂ;
wB97X-D HOMO -> LUMO (92%) I?C?I\IZIC? —91 ;Ull\jll?l\;é)((z?fg;z)
LC-wPBE HOMO > LUMOB9%) | 1600173 Lwio (3674
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Figure S14. Experimental absorption spectrum of TBAPy with labelled peaks
The excitation energies corresponding to the 1%t and 2™ peak (E: and E») in the absorption spectrum
were computed using different functionals, and compared to the experimental values. Polarizable

Continuum Model (PCM) was used to simulate the solvation effects of DMF.

Table S10. Excitation energies (in eV) corresponding to the 1* and 2™ peak

E: E»

Experimental 3.17 4.09
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Table S11. Excitation energies (in eV) of 1* and 2™ peak calculated using different density functionals.

Errors values (AE; and AE,) for the density functionals (= EexperiMentar - Etoprr)

TDDFT Ei AE, E> AE>
B3LYP 2.95 0.22 4.12 -0.03
PBEO 3.06 0.11 4.26 -0.17
MO06 2.99 0.18 4.20 -0.11
CAM-B3LYP 3.38 -0.21 4.46 -0.37
wB97X-D 3.43 -0.26 4.56 -0.47
LC-wPBE 3.68 -0.51 491 -0.82

The hybrid functionals (B3LYP, PBEO and M06) performed better in characterizing the electronic
properties of TBAPy monomer (Table S8, S9 and S11). B3LYP was chosen for calculating

excitonic couplings between TBAPy linkers in MOF.

Excitonic coupling calculations

Excitonic couplings were calculated with the help of a software developed that was developed
by M. Dommett and is available on github.?* To evaluate the accuracy of excitonic couplings
calculated using the software, we referred to a published paper that reports the excitonic coupling
for co-facial dimers of naphthalene, 2-amino-9-methyl-purine, and trans-stilbene.?> We calculated
the excitonic coupling for co-facial dimers of these molecules using the software and compared
them to values reported in paper. We used B3LYP functional and cc-pVDZ basis set for calculating
the excitonic couplings (the paper uses the same functional and basis set). The software used to
calculate excitonic couplings reports excitonic couplings only up to three decimal places, while

reference 5 gives them up to 4 places.
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Naphthalene dimers (excitonic coupling associated with the S;-S; transitions)
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Figure S15. Co-facial naphthalene dimers separated by 4 A, 8 A and 12 A

Table S12. Exitonic couplings (in eV) for co-facial naphthalene dimers

4 A 8 A 124
Calculating using software 0.028 0.005 0.001
Reported in paper 0.0259 0.0043 0.0013
% deviation 8.11% 16.28% -23.08%

2-amino-9-methyl-purine dimers (excitonic coupling associated with the Si-S; transitions)
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Figure S16. Co-facial 2-amino-9-methyl-purine dimers separated by 4 A, 8 A and 12 A
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Table S13. Exitonic couplings (in eV) for co-facial 2-amino-9-methyl-purine dimers

4 A 8 A 124
Calculating using software 0.032 0.006 0.002
Reported in paper 0.0346 0.0066 0.0022
% deviation -7.51% -9.09% -9.09%

trans-stilbene dimers (excitonic coupling associated with the Si-S; transitions)

Figure S17. Co-facial trans-stilbene dimers separated by 4 A, 8 A and 12 A

Table S14. Exitonic couplings (in eV) for co-facial 2-amino-9-methyl-purine dimers

& O

gad T

4 A 8 A 12 A
Calculating using software 0.092 0.029 0.012
Reported in paper 0.1033 0.0287 0.0111
% deviation -10.94% 1.04% 8.11%

The excitonic couplings calculated using the software were in good agreement with those

reported in the paper.

Oscillator strength Calculation

Oscillator strength was calculated from the absorption spectrum of TBAPy using the eq. 1,
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f=144x10"1[e(v) dv (1)
where £(V) is the extinction coefficient (in L mol! cm™) and v is the frequency (in Hertz).2>2

The absorption spectrum of TBAPy is shown in Figure S13. The calculated oscillator strength

for TBAPy is 1.46.
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Figure S18. Experimental absorption spectrum of TBAPy (10° M, DMF) used for determining the

oscillator strength
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2.6.7 TCPP incorporation in MOF backbone
Indium P-MOF is a TCPP-based MOF that is isostructural with ROD-7.#? Lifetimes of TCPP
units in mixed-ligand ROD-7 MOFs were compared to those of Indium P-MOF. The lifetimes

were in good agreement indicating that TCPP units are part of the backbone of mixed-ligand

MOFs.
> 1.0-
¥ 1 —Free TCPP
S 0.84 Mixed-ligand ROD-7 MOF
E 1 — Indium-P-MOF
o} 0.6‘
Q ;
N
w 0.4-
g ;
§ 0.2
O'O-IJ T v T v 1
0 20 40 60
time (ns)

Figure S19. Time resolved emission decay profiles of TCPP in solution (black), TCPP in mixed-ligand

ROD-7 MOF (red), TCPP in Indium P-MOF (blue)

Table S15. Lifetime data for free TCPP, mixed-ligand ROD-7 MOF, Indium P-MOF

Trcep (NS)

Free TCPP 13.18

Mixed-ligand ROD-7 MOF | 10.65

Indium P-MOF 10.24
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NU-902 is a TCPP-based MOF that is isostructural with NU-901.%3 Lifetimes of TCPP units
in mixed-ligand NU-901 MOFs were compared to those of NU-902. The lifetimes were in good

agreement indicating that TCPP units are part of the backbone of mixed-ligand MOFs.

1.0+
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o Mixed-ligand NU-901
—NU-902

S
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o
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Normalized Intensity
o
»
O Tl -

o
(=)
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Figure S20. Time resolved emission decay profiles of TCPP in solution (black), TCPP in mixed-ligand
NU-901 MOF (red), TCPP in NU-902 MOF (blue)

Table S16. Lifetime data for free TCPP, mixed-ligand NU-901 MOF, NU-902

Trcep (NS)

Free TCPP 13.18

Mixed-ligand NU-901 MOF | 9.31

Indium P-MOF 9.03
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PCN-222 is a TCPP-based MOF that is isostructural with NU-1000.%* Lifetimes of TCPP
units in mixed-ligand NU-1000 MOFs were compared to those of PCN-222. The lifetimes were

in good agreement indicating that TCPP units are part of the backbone of mixed-ligand MOFs.

> 1.0
g 1 —Free TCPP
g 0.8 Mixed-ligand NU-1000
£ ] — PCN-222
= 0.6
()] |
N
= 04
£ .
o 0.2
p4
o'ol v T v T v 1
0 20 40 60
time (ns)

Figure S21. Time resolved emission decay profiles of TCPP in solution (black), TCPP in mixed-ligand
NU-1000 MOF (red), TCPP in PCN-222 MOF (blue)

Table S17. Lifetime data for free TCPP, mixed-ligand NU-901 MOF, NU-902

Trcep (NS)

Free TCPP 13.18

Mixed-ligand NU-1000 MOF | 8.56

PCN-222 8.40
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2.6.8 Spectral overlap integrals
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Figure S22. Spectral overlap between the absorption spectrum and emission spectrum of (a) ROD-7, (b)

Figure S23. Spectral overlap between the absorption spectrum and emission spectrum of TBAPYy.

Table S18. J integrals of MOFs and TBAPy solution

J
(nm* M'em™)
ROD-7 5.41 x 101
NU-901 3.79 x 101
NU-1000 2.57 x 10
TBAPy 1.15 x 10"
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3. Light Harvesting and Energy Transfer in a Porphyrin-based Metal

Organic Framework

This chapter is reproduced from the following reference: Faraday Discuss., 2019, 216, 174-190.

Reproduced by permission of The Royal Society of Chemistry.
3.1 Introduction

One of the most important components of artificial photosynthesis assemblies are the antennae,
which collect solar energy and direct it towards the reaction centers. A multi-chromophoric array
with an energy cascade can direct sequential photoexcited energy flow and perform the function
of light harvesting antenna assemblies.! Multi-porphyrin arrays have been studied extensively with
the aim of constructing antenna assemblies that mimic natural photosynthetic systems in terms of
the efficiency of excitation energy transfer (EET). Subtle changes in structural parameters, such
as connectivity, distance, and orientation between porphyrin units in the array can have strong
implications on the nature of interchromophoric interactions, and the rates and efficiencies
of EET.? Highlighted by highly-ordered crystal structures and synthetic tunability via crystal
engineering, metal organic frameworks (MOFs) allow for precise control of distances and angles
between chromophores and their alignment by careful selection of organic ligands and metal
nodes.>® Porphyrin based MOFs are therefore ideal candidates to study EET as a function of
structural parameters. Such studies will aid in the design of porphyrin-based architectures that are
conducive for energy transfer. Before examining the role of MOF structure in EET, it is necessary
to first understand the mechanistic aspects of EET and the factors that determine the efficiency of
EET in porphyrin-based MOFs. To address these issues, we probed the energy transfer
characteristics  of  PCN-223(free-base), a Zr-MOF based on  meso-tetrakis(4-

carboxyphenyl)porphyrin (TCPP).
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Figure 1. View of PCN-223 along the ¢ axis with uniform triangular 1D channels

Zirconium-based MOFs containing porphyrin ligand have been studied extensively due to their
exceptional chemical stability under harsh experimental conditions and their ability to exhibit a
variety of functionalities like catalysis, light harvesting, gas-storage and sensing.*’-'> PCN-223,
in particular, has a very unique structure (Figure 1).!° It consists of unprecedented Dgn symmetric
[Zrs04(OH)4]'** nodes connected to 12 TCPP linkers, representing the first (4,12)-connected MOF
with the “shp” topology. The closely-packed structure of PCN-223 supports a high density of
chromophores that can simultaneously absorb light and participate in the energy transfer process.
The closest distance between two porphyrin struts is 10.71 A (see Supplementary Information,
Section 3.5.9). PCN-223 also manifests a small porphyrin-porphyrin torsional angle (~55°) that
facilitates interchromophoric electronic coupling between TCPP units.!® Based on these merits,
PCN-223 qualifies to serve as a model system to explore EET mechanism in porphyrin-based
MOFs.

Herein, we present synthesis, structural, and photophysical characterization of PCN-223 MOF
constructed from free base TCPP ligand. The effects of pH and temperature on the excited state

properties of PCN-223 were investigated and compared with those of ligand. The efficiency of
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EET in the MOF was investigated by studying the pH-dependence of fluorescence intensity. The
study revealed the presence of static quenching both in ligand and MOF. Fluorescence quenching
in MOF was observed to be greatly enhanced as compared to free ligand. The temperature
dependence of the fluorescence decay rates was investigated to gain an understanding of the
mechanistic aspects of EET in the MOF. The results indicate an incoherent, step-by-step hopping
mechanism for EET. A Forster energy transfer model was employed to estimate the rate of energy
migration (kger) in PCN-223. Nanosecond transient absorption spectroscopy was employed to
characterize the non-emissive triplet state of PCN-223. The results revealed the presence of a long-
lived triplet state (extending beyond 200 ps) that exhibits the characteristic features of a TCPP-
based triplet state. Furthermore, femtosecond transient absorption spectroscopy was employed to
characterize the ultrafast photophysical processes taking place in TCPP and PCN-223. Kinetic
analysis of the ultrafast data of TCPP and PCN-223 showed the presence of three distinct time
components that correspond to: (a) solvent-induced vibrational reorganization of excitation
energy, (b) vibrational cooling, and (c) fluorescence. Our study revealed the presence of efficient,
long-distance energy transfer (100 A (1D), 141 A (2D), and 173 A (3D)) in PCN-223 MOF.

3.2 Experimental section

Materials: Meso-tetra(4-carboxyphenyl)porphyrin (>97%) was purchased from Frontier
Scientific and was used without further purification. Zirconium chloride (anhydrous, >99.5%) was
purchased from Sigma-Aldrich. Dimethylformamide (DMF, spectrophotometric grade, >99.9%)
was purchased from Fisher chemical. Propionic acid (PA, 99%). were purchased from Alfa Aesar.

Synthesis of PCN-223(free-base): 10 mg of H;TCPP (1.3x10~° mol) and 7 mg of ZrCls (3x10-
>mol) were added to 10ml DMF and ultrasonically dissolved in a 6-dram vial. 2 ml propionic acid

was added to the vial and the vial was sonicated for 15 minutes to get a homogeneous reaction
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mixture. The vial was placed in an oven set at 120 °C for 16 hours. After allowing them to cool
down to room temperature, the resultant MOF powder was collected by centrifugation. It was
washed 3 times with DMF and then soaked in ethanol for 3 days with fresh ethanol replacement
every day. The MOFs were dried at room temperature and then activated by heating at 100 °C
under vacuum.

Powder X-ray diffraction and Scanning electron microscopy (PXRD): A 600 W Rigaku
MiniFlex powder diffractometer with a CuKa (0.15418 nm) radiation source was used, with a
sweeping range of 2-25° in continuous scanning mode. PXRD traces were collected in 0.05°
increments at a scanning rate of 0.2°/min.

Scanning electron microscopy (SEM): SEM samples were prepared by suspending MOF
powders in ethanol with sonication. The resulting suspensions were drop-casted on precut glass
slides. After drying, the glass slides were mounted on SEM sample pegs with the help of double-
sided copper tape. The sides of the glass slides and the platform of sample peg were coated with
conductive carbon paint purchased from Electron Microscopy Sciences. A LEO (Zeiss) 1550 field-
emission scanning electron microscope, equipped with an in-lens detector, operating at 5.0 kV was
used to obtain high-resolution images of the MOF particles.

Thermogravimetric Analysis (TGA): A Q-series thermogravimetric analyzer from TA
Instruments was used to assess the thermal stability of MOFs. Samples weighing ~3-5 mg were
placed on a platinum pan and heated under air at a rate of 5 °C/min over the temperature range of
25-800 °C.

Gas adsorption isotherms: The N> adsorption measurements were conducted using a
Micromeritics 3Flex instrument. A 6 mm large bulb sample cell was used to hold the samples and

was degassed under vacuum at a temperature of 100 °C for 24 h. The surface area of the MOFs
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was determined from the N> adsorption isotherms at 77 K by fitting the adsorption data within the
0.05—0.3 P/Pg pressure range to the BET equation.

Diffuse absorption spectroscopy: The diffuse absorption spectra of TCPP and PCN-223 were
obtained using an Agilent Technologies 8453 UV-Vis diode array spectrophotometer (I nm
resolution) where the sample compartment was replaced with an integration sphere. The powder
samples were diluted by mixing with BaSOs.

Steady-state emission spectroscopy and time-resolved emission lifetimes: The steady-state
emission spectra were obtained using a QuantaMaster Model QM-200-4E emission
spectrophotometer from Photon Technology, Inc. (PTI). The excitation light source was a 75 W
Xe arc lamp (Newport). The detector was a thermoelectrically cooled Hamamatsu 1527
photomultiplier tube (PMT). Emission traces were analyzed using Origin 9.0. Time-resolved
fluorescence lifetimes were obtained via the time-correlated single photon counting technique
(TCSPC) with the same QuantaMaster Model QM-200-4E emission spectrophotometer from
Photon Technology, Inc. (PTI) equipped with a 415 nm LED and a Becker & Hickl GmbH PMH-
100 PMT detector with time resolution of < 220 ps FWHM. Florescence lifetime decays were
analyzed with the help of Origin 9.0.

Nanosecond transient absorption spectroscopy:

Transient absorption difference spectra and kinetic traces were collected with LP 980 laser
flash photolysis system (Edinburgh Instruments) equipped with a PMT detector (R928,
Hamamatsu). The excitation source was 532 nm Nd:YAG laser (Spectra-Physics-Quanta-Ray
Lab) operating at 1 Hz. The laser system was also equipped with an image intensified CCD (ICCD)
camera detector. Triplet lifetime decays were analyzed with the help of Origin 9.0.

Femtosecond transient absorption spectroscopy:
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Time-resolved transient absorption measurements were performed at the Imaging and Kinetic
Spectroscopy (IMAKS) Laboratory, Department of Chemistry, NCSU (North Carolina State
University). A mode-locked Ti:sapphire laser (Coherent Libra, 800 nm, 1 kHz repetition rate, 100
fs, 4 mJ/pulse) was used as the main light source. The output from the laser was split into the pump
beam and probe beam. The pump beam was directed into the parametric amplifier (Coherent
OPerA Solo) to generate the 400nm excitation. The probe beam was delayed in a 6ns optical delay
stage and then focused into a CaF> crystal for white light continuum generation between 340 nm
and 750 nm. The pump beam was then focused on the sample (into an 800 um spot) and overlapped
with the probe beam (~200 um). The relative polarizations of the pump beam and the probe beam
were set at the magic angle of 54.7°. The ground state absorption spectra of the samples were
measured before and after the measurements to ensure that there is no degradation. Transient
kinetics were analyzed using the fitting routines available in Origin 9.0.

3.3 Results and Discussion

Synthesis of PCN-223(free-base) was achieved by following a procedure that gives highly
crystalline, phase-pure powder. Briefly, 3x10° mol of ZrCls and 1.3x10 mol of TCPP were
dissolved in 10 mL DMF along with 2.5x102 mol of propionic acid as the modulator. The mixture
was sonicated for 15 minutes then the vial was placed in an oven and heated at 120 °C for 16 h.
The resulting MOF powders were characterized by PXRD (Figure 2a) and SEM (Figure 2b).
Comparison of the PXRD pattern obtained from synthesis to the simulated pattern from single
crystal XRD data indicated high phase purity. The SEM image shows small bean-shaped particles
that are characteristic of PCN-223 MOF. All MOF particles are morphologically identical, which
further confirms the high phase purity. In addition, the effective molecular weight of as-prepared

PCN-223 sample was determined by TGA analysis (see Supplementary Information, Section
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3.5.1). The BET surface area of the MOF obtained from gas adsorption data agrees well with the

literature (see Supplementary Information, Section 3.5.2).1°
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Figure 2. (a) PXRD characterization of PCN-223. (b) SEM image of PCN-223.

To examine how the ground and excited-state properties of TCPP are affected upon
coordination into the MOF structure, the electronic absorption spectra of TCPP and PCN-223 were
compared (Figure 3). The absorption spectrum of TCPP consists of the Soret band (So — S»
transition) around 415 nm in the near UV region and four weak Q bands (So — Si transition) in
the visible region (between 500 to 700 nm). PCN-223 displays an absorption spectrum similar to
that of TCPP with a sharp Soret band and four Q bands. The Soret band of PCN-223 is blue shifted
by 13 nm relative to the ligand, which is attributed to structural changes that TCPP undergoes as
it is incorporated in the MOF (see Supplementary Information, Section 3.5.4). Twisting of phenyl
rings and changes in the macrocyclic ring planarity of TCPP may be responsible for increasing the
energy gap between the ground state and second excited state (So-S2), which causes the blue shift.
The peak positions and intensities of Q bands of PCN-223 match those of TCPP, suggesting that

the energy gap between ground state and first excited state of TCPP is relatively unaffected upon

incorporation into the MOF.
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Figure 3. Diffuse absorption spectra of TCPP (black) and PCN-223 (red)
The acid-base properties of porphyrins in aqueous solutions provide important information about
their reactivity, aromaticity, tautomerization mechanisms and stereochemistry.!*'® The central
macrocycle of porphyrins exhibits an amphoteric behavior and can exist in either neutral (free-
base), N-protonated, or deprotonated form (Figure 4). Mono-protonation of the free-base
form induces nonplanar distortions in the porphyrin structure, which makes the second protonation
more favorable.!”!8 The first protonation step is immediately followed by the second step,
producing the porphyrin dication, while the monoprotonated species is present in very small
amounts at any given time. To determine the pK. values corresponding to the successive
protonation steps, we titrated an aqueous solution of TCPP (10° M) against 0.01 M NaOH
solution. A dilute suspension of PCN-223 in water was also titrated against 0.01 M NaOH solution
to determine the pKa values for TCPP incorporated in the MOF. The pKa values for TCPP and

PCN-223 are reported in Figure 4.
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Figure 4. Protonation and deprotonation processes of TCPP in acidic and basic media.® pK;, pK» and pK;
represent the pK, values associated with these processes. The first and second protonation processes are
almost indistinguishable, such that pK; =~ pKs. For TCPP, pK, = pK; = 3.2, and for PCN-223 pK, =~ pK3 =
3.75 (see Supplementary Information, Section 3.5.3).

Varying solution pH can shift the protonation-deprotonation equilibrium of the macrocycle in
favor of a particular form, which can greatly influence the photophysics of the porphyrin
molecule.!® Non-planarity induced in the porphyrin structure due to protonation of the nitrogen
atoms breaks up their n-electron conjugated double-bond system. Loss of conjugation promotes
non-radiative relaxation of the excited state that results in significant fluorescence quenching and
short fluorescence lifetimes.!® To investigate the effects of pH variation on the fluorescence
properties of TCPP and PCN-223, their steady-state emission spectra were measured in an
experimental pH range of 3.5 to 8.5 (Aexcitation = 415 nm). Given that PCN-223 is stable in aqueous
environments with pH values ranging from 0 to 10,'° the experimental pH range is suitable for

investigating the photophysics of the MOF without loss in crystallinity. The peak positions and
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intensities of fluorescence spectra of TCPP and PCN-223 were found to be strongly correlated
with pH of solution/suspension. For pH > 5.5, fluorescence spectra of TCPP and PCN-223
displayed a sharp band at 645 nm (Q(0,0) band) and a relatively weaker band at 720 nm (Q(0,1)
band) (Figure 5a and 5b). Structural changes induced in the porphyrin macrocycle due to
protonation of central nitrogen atoms cause the band at 645 nm to broaden and red shift by ~35

nm. As a result, for pH < 5.5 the fluorescence spectrum of TCPP and PCN-223 appears to be a

single broad band centered at 680 nm (Figure 5c¢).
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Figure 5. (a) Fluorescence spectra of TCPP in water (10°°M) as a function of pH. (b) Fluorescence spectra

of PCN-223 in water as a function of pH. (c) Spectral evolution of PCN-223 in the pH range of 5 to 6.5.
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3.3.1 Fluorescence quenching in PCN-223

Due to the overlap between the absorption spectrum of N-protonated TCPP and the emission
spectrum of neutral TCPP, N-protonated TCPP linkers can potentially act as energy traps and
quench the fluorescence of neutral TCPP linkers via energy transfer (see Supplementary
Information, Section 3.5.7). To confirm the presence of energy transfer between neutral TCPP and
N-protonated TCPP units, a Stern-Volmer analysis was performed. The relationship between the

quencher concentration and extent of quenching is provided by Stern-Volmer equation (eq. 1),

l
2= 1+ Ksy[Q] ®

where Io is the fluorescence intensity in the absence of quencher, I is the fluorescence intensity at
a particular concentration of quencher, Ksy is the Stern-Volmer quenching constant, and [(] is the
quencher concentration. Figure 6 shows the modified Stern-Volmer plots for TCPP and PCN-223,
where Io/l is plotted against the ratio of N-protonated and neutral TCPP concentration (see

Supplementary Information, Section 3.5.5).
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Figure 6. (a) Modified Stern-Volmer plot of TCPP in the pH range of 5.5 to 8. (b) Modified Stern-Volmer

plot of PCN-223 in the pH range of 5.5 to 8.5.
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Table 2. Stern-Volmer rate constant and quenching rate constants of TCPP and PCN-223

K (M) ko (M's™)
TCPP 237.68 2.71 x 10
PCN-223 7298.96 8.06x 10!

The quenching rate constant (ko) can be calculated by dividing Ksv by the fluorescence lifetime
of donor in the absence of quencher (to). Ksv and ko values of TCPP and PCN-223 are provided
in Table 2. The quenching rate constant for PCN-223 is significantly larger than that for TCPP,
which is attributed to energy migration from neutral TCPP linkers to N-protonated TCPP linkers.
Although a dramatic decrease in fluorescence intensity of MOF was observed on lowering the pH,
time-resolved fluorescence measurements revealed that the lifetime of the MOF was not quenched.

3.3.2 Energy transfer efficiency in PCN-223 MOF

Excitation energy transfer primarily occurs through two coupling mechanisms: Dexter
exchange mechanism and Forster dipole-dipole mechanism.*2-39 The Dexter mechanism requires
the presence of electronic communication between the donor and acceptor via orbital overlap.?!-3?
Since orbital overlap between adjacent TCPP struts of PCN-223 is poor, the Dexter mechanism
may not be suitable to describe energy transfer in this case.?’ The Forster mechanism (FRET), on
the other hand, adequately describes the “through space” energy migration in PCN-223. The rate
and efficiency of FRET is dependent on three physical parameters. These parameters are (1) the
degree of overlap between donor emission spectrum and acceptor absorption spectrum, (2) relative
geometric orientation of donor and acceptor, and (3) the separation distance between donor and

acceptor units.*> The FRET efficiency of porphyrin-based MOFs has been previously quantified
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by performing fluorescence quenching experiments.2%2%:3* We performed a qualitative analysis of

FRET efficiency by relating the extent of quenching (®q) to the concentration of quencher (N-

protonated TCPP). ®q is given by eq. 2,
Dg= 1- = (2)

where Iq and I are the fluorescence intensities of donor in the presence and absence of quencher.*

®q for TCPP and PCN-223 was estimated to be 93% and 51%, respectively, when 1% of the TCPP

linkers are protonated (see Supplementary Information, Section 3.5.5). The significantly higher
magnitude of @q for the MOF complements the results of Stern-Volmer analysis in the previous
section. The quenching observed in MOF can be considered as a combination of “self-quenching”

and quenching via energy transfer from neutral TCPP linkers to N-protonated TCPP linkers.

The rate constant of energy transfer defined by the Forster model is given by eq. 3,

P l(&)G 3)
EET TO r

where 7o is the lifetime of donor in the absence of acceptor, r is the donor-acceptor distance and
Ry is the Forster radius.?! Ry is defined as the distance at which the energy transfer efficiency is
50%, and is dependent on the fluorescence quantum yield of donor in the absence of acceptor (®p)

and the spectral overlap integral (J). Rois given by eq. 4,

(4)

1
_{9000(In10)K? dpJ\E
o~ 128n5N,n*

where k? is a geometric parameter that describes the relative orientation between the transition
dipole moments of donor and acceptor, Na is Avogadro’s number, and 7 is the refractive index of

the surrounding media. Based on the above equation, the Forster radius for PCN-223 was found to
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be 54.5 A (J = 5.344 x 10"*M-'em?, see Supplementary Information, Section 3.5.7 and 3.5.8).3%37

The rate constant of energy transfer (kzzr) was estimated to be 1.9 x 10'2 s7!, which is broadly
consistent with keer values reported by Son et al. for other porphyrin-based MOFs.?*> The total

energy migration distance (Rnop) Was obtained using eq. 5,

DRET

Rhop = m

(5)

kEET

where m is the dimensionality factor and Drer is the diffusion coefficient of energy migration.>¢
40 Long distance energy transfer corresponding to 100 A for one-dimensional energy transfer, 141
A for two-dimensional energy transfer, and 173 A for three-dimensional energy transfer was
estimated. Since very little information is available about Drer values of porphyrin-based MOFs,
we used the Drer of meso-tetra(4-sulfonatophenyl) porphyrin (TPPS) nanotubes (95 x 10 m? s™!)
for calculating the energy migration distances.®

3.3.3 Temperature dependence of fluorescence lifetimes

The temperature dependence of the fluorescence decay rates (koss) of an emissive MOF can
give insight into the mechanism of energy transfer.?’ At room temperature, there are various
vibrational degrees of freedom that allow the excited state to fully relax between energy transfer
events. However, at low temperatures (~77K) some of the vibrational degrees of freedom are
frozen out. If the electronic interactions between the linkers in a MOF are very strong (strong
coupling regime), then at low temperatures the rate of energy transfer can exceed that of vibrational
relaxation. In such a scenario, the excitation energy can move as an exciton that is delocalized over
the whole system.!?! The MOF should behave as an “aggregate” and the energy transfer process
is termed as “coherent”. In contrast, if the electronic interactions between the linkers in a MOF are

weak (weak coupling regime), then vibrational relaxation dominates at all temperatures. In this
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case, the excitation energy remains localized on a linker and energy is transferred via a step-by-
step hopping mechanism. The MOF behaves as a “monomer” and the energy transfer process is
termed as “incoherent”.

To determine whether PCN-223 belongs to the strong coupling regime or the weak coupling
regime, the temperature-dependence of the fluorescence decay kinetics of TCPP and PCN-223 was
investigated.?? The fluorescence decay rate constants (k7)) of TCPP and PCN-223 were obtained at
temperatures ranging from 77K to 333K (Figure 7a and 7b). To plot the temperature dependence
curves, krwere fit to eq. 6,

ky = ko+ k; e ~AE/k8T (6)
where ky is the temperature independent term and the Arrhenius term describes the temperature
dependence of kz232* The pre-exponential factor (k;) and the activation energy required for
transitioning from the ground state to the excited state (AE) were extracted from the fits (Table 1).
The magnitudes of k; and AE are very similar for TCPP and PCN-223, suggesting that the
temperature-dependent fluorescence behavior of the MOF is comparable to that of monomeric
TCPP units. Based on this result, it was concluded that PCN-223 belongs to the weak coupling
regime and an incoherent mechanism is proposed for EET in PCN-223.

Table 1. Experimental parameters associated with TCPP and PCN-223

ko (sH) ki (s AE (J/molecule)
(x 107) (x 107) (x 102
TCPP 6.7x0.1 4+0.1 7.3%0.1
PCN-223 6.4+0.2 33£0.6 8.3+£0.5
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Figure 7. (a) Temperature dependence of kops of TCPP in MeOH-EtOH (3:1 v/v) mixture (pH = 7). (b)

Temperature dependence of ks of PCN-223 suspension (3:1 v/v) mixture (pH = 7).
3.3.4 Nanosecond transient absorption spectroscopy

Thus far, we have investigated the singlet excited states of TCPP and PCN-223. Nanosecond
transient absorption (nsTA) spectroscopy was used as an additional tool to get further insight into
the excited state photophysics of TCPP and PCN-223. With the help of this technique, the triplet
excited state of TCPP and PCN-223 were studied. Nanosecond transient absorption difference
spectra were acquired for a TCPP solution and PCN-223 suspension in water at pH 8 (in the
nanosecond to microsecond time domain, Figure 8a and b). The nsTA difference spectra of TCPP
and PCN-223 were almost identical, having an intense ground state bleach at ~420 nm followed
by an excited state absorption centered near 470 nm. The study also revealed that the nature of the
excited state did not change between the nanosecond to microsecond time domain (see
Supplementary Information, Section 3.5.10). The transient absorption decay of TCPP at 470 nm
exhibited single-exponential kinetics with a lifetime of 260 + 7 us (Fig. 8c). The triplet lifetime of
TCPP was in good agreement with the previously reported studies.*! PCN-223 also exhibited a

mono-exponential decay with a lifetime of 201 £ 27 ps (Fig. 8d).
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Figure 8. Transient absorption difference spectra (mapping) of (a) TCPP and (b) PCN-223 measured in
degassed water at room temperature following 532 nm pulsed laser excitation (4-5 mJ/pulse, 5—7 ns fwhm).
Both difference spectra represent an average of 30 transients. Fitted transient absorption decay of (c) TCPP
and (d) PCN-223 along with the residuals (green colored). Both the transient absorption kinetic
measurements were probed at 470 nm.

Due to the rigidity of the MOF structure, the rate of non-radiative deactivation pathways is
expected to decrease, which in turn should lead to an increase in the lifetime of TCPP incorporated

in PCN-223. Contrastingly, the lifetime of PCN-223 was found to be relatively shorter as

compared to the ligand. The shorter triplet lifetime of PCN-223 may be attributed to energy transfer
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pathways within the donor-acceptor framework. One of the possible pathways could be energy
transfer to trap sites such as N-protonated porphyrins. In order to further investigate the role of N-
protonated porphyrins as quenchers, nanosecond transient absorption measurements were
attempted at different pH values. However, the strength of transient signal dramatically decreases
on lowering the pH, resulting in poor signal-to-noise ratio. Consequently, nsTA measurements
were not successful at low pH.

3.3.5 Femtosecond Transient absorption spectroscopy

To further map the excited state trajectory across all available timescales, ultrafast transient
absorption (fsTA) studies were performed on TCPP and PCN-223 with 400 nm excitation and
probe wavelengths that ranged across the UV-Visible region. The fsTA difference spectra of both
TCPP and PCN-223 consist of a ground state bleach at 415 nm followed by an excited state
absorption band starting at 430 nm. Composite spectral features that can be attributed to ground
state bleach (from the Q band absorption) and excited state absorption can be observed in the 500-
650 nm range. The evolution of their transients is presented in Figure 9a and b. Over the course of
the first 500 fs, the ground state bleach at 415 nm and the excited state absorbance centered near
470 nm appear. As time progresses, no change is observed in the positions of the bands. The
features in the fsTA difference spectrum of TCPP and PCN-223 qualitatively match those of the
nsTA difference spectrum (see Supplementary Information, Section 3.5.11), signifying that the
nature of excited state in both the ligand and the MOF did not change as we moved from the

femtosecond to microsecond time domain.
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Figure 9. Transient absorption difference spectra of (a)TCPP (in a 1:1 (v/v) water-ethanol mixture (~ 10
M)) at pH-8 following 400 nm pulsed laser excitation (140 fs fwhm), (b) PCN-223 in water at pH-8
following 400 nm pulsed laser excitation (140 fs fwhm). Inset shows an expanded view of the excited state
absorption band. Experimental delay times are indicated in the legend.

The transient kinetics of TCPP were probed at 418 nm and 506 nm, and analyzed using single
and multiexponential models (see Supplementary Information, Section 3.5.12). The kinetic trace
at 418 nm was best fit to a triexponential model. The lifetimes determined from the fit are provided
in Table 3. Following previous assignments provided in the literature,**#’ the shortest component
(t1) is assigned to a solvent-induced process that causes vibrational reorganization of excitation
energy in the S state of TCPP (solvent reorganization). Elastic collisions between the ligand and
solvent molecules are believed to be responsible for this process. The second component (t2) is
attributed to vibrational relaxation of the first excited state (Si) due to interaction with solvent
molecules (vibrational cooling). The third component is too long to be measured accurately with
our apparatus and is attributed to fluorescence in TCPP.* The trace at 506 nm exhibited single
exponential decay kinetics with a lifetime consistent with the vibrational cooling component of

excited state relaxation.
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Table 3. Time constants obtained for TCPP in 1:1 water-ethanol mixture at selected probe wavelengths

(pump wavelength = 400 nm)

Wavelength (nm) T1 (ps) T2 (ps) T3 (ns)
418 nm 2+1 57+22 >1
506 nm 51126 - -

In the case of PCN-223 MOF, the kinetics were probed at 348 nm and 510 nm (see
Supplementary Information, Section 3.5.12). Kinetic analysis of the ultrafast data revealed the
presence of three distinct time constants (Table 4). Based on a comparison between the time
constants of TCPP and PCN-223, the first component (t1) is assigned to solvent reorganization.
The second component (t2) is assigned to vibrational cooling in the MOF. The third component
(13> 1 ns) is assigned to fluorescence in the MOF.

Table 4. Time constants obtained for PCN-223 in water at selected probe wavelengths (pump wavelength

=400 nm)
Wavelength (nm) T1 (ps) T2 (ps) T3 (ns)
348 nm 512 115+£22 >1
510 nm 123 £29 - -

It is worth noting that the lifetime corresponding to solvent reorganization and vibrational
cooling in the MOF is higher than the free ligand. Such an observation can be explained by three
hypotheses. The first is that immobilization of the TCPP within the rigid structure of MOF
decreases the number of vibrational modes able to couple to this cooling process. It has been
previously reported that immobilization of chromophores in MOFs decreases the rate of non-
radiative excited state decay, leading to longer lifetimes.*®# The second is that the solvent

molecules coupled to the vibrational cooling process have less accessibility to the porphyrin units
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in the MOF. The third hypothesis attributes the differences in the lifetimes of TCPP and MOF
samples to the different solvent systems used to measure each. Ultrafast TA measurements on
TCPP samples were conducted in a 1:1 (v/v) mixture of water and ethanol. Ethanol was added to
improve the solubility of TCPP in water, which in turn improves its absorbance. On the other hand,
fsTA measurements on MOF samples were conducted in water (without ethanol). The difference
in solvent polarities may be responsible for the higher lifetimes in MOF.

3.4 Conclusions

In summary, PCN-223 MOF was synthesized from free-base TCPP and was thoroughly
characterized. The photophysical properties of the synthesized MOF and the free ligand were
explored extensively using various steady state and time-resolved spectroscopic techniques. pH-
dependent fluorescence quenching experiments were performed on TCPP and PCN-223. Stern-
Volmer analysis of quenching data revealed that the quenching rate constant for PCN-223 is more
than an order of magnitude larger than that for TCPP. Furthermore, PCN-223 demonstrated a
significantly higher extent of quenching (®q = 93%) as compared to monomeric TCPP solution
(®q = 51%), at similar concentrations of quencher. The enhanced quenching in MOF is attributed
to energy transfer from neutral TCPP linkers to N-protonated TCPP linkers. The rate constant of
EET in the MOF was estimated using the Forster energy transfer model and its magnitude was
found to be consistent with other porphyrin-based MOFs. The temperature dependence of the
fluorescence decay rates of PCN-223 was comparable to that of monomeric TCPP units,
suggesting that the interchromophoric interactions between TCPP linkers belong to the weak
coupling regime. Therefore, an incoherent, step-by-step hopping mechanism was proposed for
EET in PCN-223. Femtosecond and nanosecond transient absorption studies were conducted on

free ligand and MOF to characterize their excited state properties. Nanosecond transient absorption
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decays showed that the triplet lifetime of MOF is shorter than that of free ligand, which may be
due to triplet-triplet energy transfer in the MOF. The enhanced energy migration distance in PCN-
223 MOF (173 A in 3D) suggests that it is a promising candidate to play the role of light harvesting
antennae in solar energy conversion devices.

3.5 Supplementary Information

3.5.1 Thermogravimetric analysis
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Figure S1. TGA plot of PCN-223. The intersection of the horizontal and vertical dashed lines pinpoints the

theoretically expected TGA plateau for PCN-223.
The reaction for the complete combustion of ideal (defect-free), hydroxylated PCN-223 MOF is-

Zrs04(OH)4(TCPP); (s) + 154.5 02 (g) — 6 ZrO, (s) + 144 CO, (g) + 41 H20 (g)

moles of Zrg04(OH)4(TCPP)3

moles of ZrO,

1
6
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__moles of ZrO,

moles of ZrsO4(OH)4(TCPP); =

(WTGA plateau) _ MWZr604(OH)4(TCPP)3

Wend theoretical 6 xMWzro,

(WTGA plateau) _3039.57

Wend theoretical 6 x123.22

(M) =411

Wend theoretical

If the end weight of the TGA run is normalized to 100%, then for hydroxylated, defect-free,

solvent-free PCN-223 material, the experimental TGA plateau should be found at 411% on the

Wrca plateau

TGA curve. By using the experimental ( ) ratio, the effective molecular weight of a

end
MOF can be calculated,
WTGA plateau
MWeffective = < W ) X 6 x MWZrOZ
end experimental
For PCN-223, (~GApiatean) = 4.085
end experimental

MW,gtective = 4.085 x 6 x 123.2 = 3019.6 g/mol
The general molecular formula for a hydroxylated PCN-223 MOF in which modulator loss has
not occurred is ZrO4(OH)4(TCPP)x(Mod)Mody/[Ligand))x - The value of x in this formula can be

determined by,
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~ MW, frective — 547.2 — 64 — 68
X = 786.79 + MWyoqumator X ([Mod]/[Ligand])

The modulator to ligand molar ratio in the framework ([Mod]/[Ligand]) for PCN-223 was found

to be is 1.48 (from '"H NMR analysis).

__3019.6 — 547.2 — 64 — 68
786.79 +(74.08 x 1.48)

=2.61

The resulting molecular formula of the MOF is ZrsO4(OH)4(TCPP)2.61(Mod)3.84
Propionic acid (PA) is the modulator used in the synthesis. Therefore, the molecular formula of

MOF is Zr604(OH)4(TCPP)2,61(PA)3,84

3.5.2 Nitrogen gas adsorption isotherm
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Figure S2. N, gas adsorption isotherm of PCN-223 MOF

The BET surface area of the MOF was found to be 1809.8 m? g™, which agrees with previously

published literature.!”
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3.5.3 Acid-base titration curves of TCPP and PCN-223
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Figure S3. (a) Titration curve of TCPP in water (10°M) against 0.01 M NaOH solution. The first and
second equivalence points of titration are around pH 5.54 and 7.5 respectively (b) Titration curve of PCN-

223 in water against 0.01 M NaOH solution. The equivalence point of titration is around pH 5.70.
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Figure S4. (a) First derivative of the titration curve for TCPP as a function of volume of titrant (b) First

derivative of the titration curve for PCN-223 as a function of volume of titrant.
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3.5.4 Absorption data for TCPP and PCN-223

Table 1. Positions of Soret (B) band and Q bands in the diffused absorption spectra of TCPP and PCN-

223
B(Soret) Qy(1,0) Qy(0,0) Qx(1,0) Qx(0,0)
TCPP 425nm 525nm 561nm 597nm 652nm
PCN-223 412nm 524nm 561nm 595nm 652nm

3.5.5 Determination of [HP?*]/[P] in TCPP solutions and MOF suspensions
The ratio of the concentration of protonated porphyrins to that of neutral porphyrins in TCPP
solutions and MOF suspensions was determined using the Henderson-Hasselbalch equation.
pH = pKa + logio([P}/[HP*])

[P/[HP?*] = 10PH-PKa

1
10(PH-PKa)

[HP>")/[P] =

The concentration of N-protonated TCPP in solution is ~1% at pH 5.5. The emission intensity of

monomeric TCPP at pH 5.5 was set as Iq. The emission intensity of TCPP at pH 8 was set as Io.

®q for TCPP was estimated to be 51%.

The concentration of N-protonated TCPP in PCN-223 is ~1% at pH 6. The emission intensity of

the MOF at pH 6 was set as Iq. The emission intensity of the MOF at pH 8 was set as lo. @q for

the MOF was estimated to be 93%.
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3.5.6 Emission spectra of TCPP and PCN-223 as a function of temperature
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Figure SS. (a) Steady-state emission spectra of TCPP as a function of temperature (b) Steady-state
emission spectra of PCN-223 as a function of temperature.

3.5.7 Spectral overlap integral calculation
100 = [ () A* Fp (V) d

where &4 is the extinction coefficient spectrum of the acceptor in units of Mlem™, A is the

wavelength in nm and Fp is the wavelength dependent donor emission spectrum normalized to

an area of 1.
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Figure S6. Spectral overlap between the absorption spectrum of N-protonated TCPP (acceptor) and

emission spectrum of neutral TCPP (donor)

The spectral overlap integral was estimated to be 5.344 x 10" M em?.
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3.5.8 Quantum yield calculation
The relative quantum yield of donor (neutral TCPP) in the absence of acceptor (protonated
TCPP) was calculated using,

I oD
Q % R N

2
QR IR OD  mj
where Q is the quantum yield, I is the integrated intensity, 1 is the refractive index, and OD is
the optical density. The subscript R refers to the reference fluorophore of known quantum yield.
Quantum yield of neutral TCPP in methanol (reference) = 0.09.

Quantum yield of neutral TCPP (in water) was estimated to be 0.27 £+ 0.035.

3.5.9 Closest interchromophoric distance in PCN-223
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Figure S7. Molecular model of PCN-223 generated using X-ray diffraction data.'” The closest center-to-

center donor-acceptor distance in the model is 10.715 A.
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3.5.10 Transient absorption difference spectra
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Figure S8. Transient absorption difference spectra of (a) TCPP and (b) PCN-223 measured in degassed

water at room temperature following 532 nm pulsed laser excitation (4-5 mJ/pulse, 5—7 ns fwhm). Both

difference spectra represent an average of 30 transients.

3.5.11 Comparison between nanosecond and femtosecond TA difference spectra
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Figure S9. Comparison between the femtosecond TA (at a time delay of 5.5 ns) and nanosecond TA

difference spectra (collected promptly after laser excitation) of (a) TCPP and (b) PCN-223.
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3.5.12 Kinetic analysis of the ultrafast data
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Figure S10. Transient absorption kinetic traces of (a) TCPP in 1:1 water-ethanol (v/v) mixture (pH-8) and
(b) PCN-223 in water (pH-8) following 400 nm pulsed laser excitation (140 fs fwhm) at probe
wavelengths indicated in the legend. Time components of the kinetic traces obtained from fitting are

shown in the figure.
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4. Preparation of Novel MOF-on-MOF composites for Achieving

Directional Energy Transfer (ongoing project)

4.1 Introduction

Millions of years of evolution have facilitated the development of highly sophisticated light
harvesting complexes (LHC’s) in natural photosynthetic systems.!> Pigment chromophores in
LHC’s perform the dual role of absorbing light energy and then efficiently funneling it towards
the reaction centers. The ability of LHC’s to carry out directional energy transfer has fascinated
scientists for a long time. Recently, a significant amount of research effort has been dedicated
towards developing materials with geometric layouts that promote directional energy transfer.>’
Materials with core-shell architectures have emerged as promising candidates for achieving long-
range, directional energy transfer.®!3 Core shell particles are biphasic in nature with an inner core
structure and outer shell made of different components. By confining photoactive donor species in
the core and acceptor species in the shell layer, one can spatially isolate the donors and acceptors.
Arranging donor and acceptor species in spatially separated domains gives rise to an energy
cascade, resulting in directed energy transfer from core to shell. Metal-organic frameworks
(MOFs) have proven to be viable platforms for incorporating a wide variety of chromophores and
systematically studying energy transfer. Previous studies have confirmed the presence of efficient,
long-distance ligand-to-ligand energy transfer in photoactive MOFs.!*2 In this chapter, we
present synthesis and structural characterization of photoactive core-shell MOF composites that
can potentially demonstrate directional energy transfer.

Metal organic frameworks (MOFs), also known as coordination polymers, are formed by the
self-assembly of inorganic nodes (metal ions or clusters) with organic ligands via coordination

bonds.?*?° Due to their well-defined structures, large surface areas, and structural and functional
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tunability, MOFs have shown remarkable potential in applications such as light-harvesting,
catalysis, drug-delivery, gas storage and gas separation.?3242630 Recently, MOF-on-MOF
composites with core-shell architecture have attracted great interest from the scientific
community.’” MOF-on-MOF composites offer the unique possibility of effectively combining the
advantageous attributes of both the MOFs, and negating the disadvantages of constituent single
components. Furthermore, there is potential for the discovery of novel synergistic effects, which
cannot be achieved by the individual components. MOF-on-MOF composites with lattice
mismatch between the core MOF and shell MOF are difficult to construct but are highly coveted
as they afford additional levels of structural and functional diversity. The difference between the
chemical composition and morphology of core and shell layers can be exploited to tailor the
properties of core-shell MOFs for desired applications. Zhou and co-workers have previously
reported the synthesis of core-shell lattice-mismatched MOFs.?! Guided by a kinetically controlled
strategy, they demonstrated one-pot synthesis of UiO-67-on-PCN-222 composites by solvothermal
reaction between ZrCls, BPDC (biphenyl-4,4'-dicarboxylate) and TCPP (meso-tetrakis(4-
carboxyphenyl)porphyrin). Due to the high connectivity of TCPP ligands, they bind preferentially
to the Zr** ions and quickly form the rod-shaped PCN-222 crystals. These crystals then act as seeds
and facilitate the growth of UiO-67 shell layer on their surface. Since heterogeneous nucleation is
kinetically more favorable than homogeneous nucleation, growth of the core-shell structure is
preferred over the formation of two MOFs as separate phases.

Herein, we aim to employ UiO-67-on-PCN-222 composites as model systems to explore the
possibility of achieving directional energy transfer in MOF-based core-shell structures. Known

amounts of Ruthenium(II) tris(5,5'-dicarboxy-2,2"-bipyridine), RuDCBPY, were doped in the shell
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Figure 1. Kinetically guided synthesis procedure of UiO-67-on-PCN-222 composites (referred to as PCN-
222@Zr-BPDC by Zhou and co-workers). Reproduced from reference 31 with permission.

layer to produce a series of Ru-UiO-67-on-PCN-222 composites with varying degree of
RuDCBPY loading. DCBPY is isostructural with BPDC, which allows RuDCBPY to replace
BPDC within the Zr-BPDC shell.!7*23% Sauvage and co-workers have previously studied the
photoinduced processes in dyads consisting of a porphyrin unit and a ruthenium complex.** They
reported that the lowest singlet excited state of the porphyrin moiety (S1) is quenched by energy
transfer to give the triplet metal-to-ligand charge-transfer excited state of the Ru complex
(®MLCT). We hypothesize that upon photo-excitation of TCPP units in the core, singlet-singlet
energy transfer would occur between TCPP linkers. This process will continue until the excitation
energy is transferred to a RuDCBPY unit across the interface, which quenches the excitation. Thus,

directional energy transfer from core domain to shell layer will be achieved. The validity of this
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hypothesis can be tested by investigating the photophysical properties of Ru-UiO-67-on-PCN-222
composites. Before exploring the energy transfer dynamics of Ru-UiO-67-on-PCN-222
composites, it is critical to confirm that (a) the as-prepared Ru-UiO-67-on-PCN-222 composites
exhibit core-shell architecture, (b) PCN-222 and UiO-67 are the constituent components of the
composites, and (¢) RuDCBPY is incorporated in the UiO-67 shell layer. SEM (scanning electron
microscopy) characterization was employed to confirm the formation of core-shell nanoparticles.
PXRD (powder X-ray diffraction) analysis was carried out to assess the phase composition of
composites and identify the constituent components. Diffuse reflectance spectroscopy and N»
adsorption/desorption measurements were performed to confirm the incorporation of RuUDCBPY
in the UiO-67 shell layer. After completing structural characterization of composites, their
photophysical properties will be investigated with the help of steady state and time resolved
emission spectroscopy.

4.2 Materials and Methods

Synthesis of Zr-BPDC_on_PCN-222

ZrCls (130 mg), TCPP (10 mg), BPDC (100 mg), trifluoroacetic acid (2.5 ml) and DMF (15
ml) were charged in a 6-dram vial. The mixture was heated in a 120°C oven for 7 days. After
cooling down to room temperature, the resulting powder was collected using centrifugation. It was
washed several times with DMF and then soaked in DMF for two days (with fresh DMF
replacement every day). The MOFs were then soaked in acetone, dried at room temperature and
then activated by heating at 80 °C under vacuum.

Synthesis of Ru-UiO-67-on-PCN-222

A series of Ru-UiO-67-on-PCN-222 samples (CS-1, CS-2, and CS-3) were prepared

according to the following procedure. ZrCls (130 mg), TCPP (10 mg), BPDC (100 mg) were added
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to 15 ml of DMF and ultrasonically dissolved in a 6-dram vial. Then, RuDCBPY (10 mg for CS-
1; 20 mg for CS-2, and 30 mg for CS-3) was added to the reaction mixture. The mixture was
heated in a 120°C oven for 7 days. After cooling down to room temperature, the resulting powder
was collected using centrifugation. It was washed several times with DMF and then soaked in
DMF for two days (with fresh DMF replacement every day). The MOFs were then soaked in
acetone, dried at room temperature and then activated by heating at 80 °C under vacuum.

Powder X-ray Diffraction (PXRD)

A 600 W Rigaku MiniFlex powder diffractometer with a CuKa (0.15418 nm) radiation source
was used, with a sweeping range of 2-25° in continuous scanning mode. PXRD traces were
collected in 0.05° increments at a scanning rate of 0.5°/min.

Scanning Electron Microscopy (SEM)

SEM samples were prepared by suspending MOF powders in ethanol with sonication. The
resulting suspensions were drop-casted on precut glass slides. After drying, the glass slides were
mounted on SEM sample pegs with the help of double-sided copper tape. The sides of the glass
slides and the platform of sample peg were coated with conductive carbon paint purchased from
Electron Microscopy Sciences. A LEO (Zeiss) 1550 field-emission scanning electron microscope,
equipped with an in-lens detector, operating at 5.0 kV was used to obtain high-resolution images
of the MOF particles.

Diffuse reflectance spectroscopy

The diffuse reflectance spectra of TCPP and PCN-223(fb) were obtained using an Agilent
Technologies 8453 UV-vis diode array spectrophotometer (1 nm resolution) where the sample
compartment was replaced with an integration sphere. The powder samples were diluted by mixing

with BaSOg.
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4.3 Results and Discussion

Synthesis of core-shell MOF composites was achieved by modifying a previously published
procedure. Briefly, 5.6 x 10* mol of ZrCls, 1.3 x 10~ mol of TCPP, 4.1 x 10** mol of BPDC were
dissolved in 10 ml DMF along with 3.3 x 10 mol of trifluoroacetic acid as the modulator. After
adding appropriate amounts of RuDCBPY, the mixture was sonicated for 15 minutes then the vial
was placed in an oven and heated at 120 °C for 7 days. The resulting composites (CS-1, CS-2, and
CS-3) were collected by centrifugation, washed with DMF and acetone, and then activated by
heating at 100 °C under vacuum. PXRD analysis was carried out to assess the phase composition
of core—shell composites (Figure 2). Diffraction peaks corresponding to PCN-222 and UiO-67
were observed in the experimental PXRD patterns, indicating that PCN-222 and UiO-67 are the

constituent components of the core-shell composites.
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Figure 2. PXRD patterns of UiO-67-on-PCN-222, CS-1, CS-2, and CS-3.
SEM characterization was performed to confirm the core-shell nature of the composites. SEM
imaging is a qualitative technique that is particularly useful for identifying the morphologies of
MOF nanoparticles. SEM images from different cross sections of CS-1, CS-2, and CS-3 confirmed

the formation of core-shell composites (see Supplementary Information, Section 1). The SEM
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images also detected small amounts of phase impurities (rod-shaped PCN-222 nanoparticles),
indicating that CS-1, CS-2, and CS-3 powders are a mixture of core—shell composites and PCN-
222 nanoparticles. Hupp and co-workers have reported solvent-assisted separation of mixed MOFs
on the basis of their density difference.® This method takes advantage of MOF density differences
such that one MOF floats in a solvent of appropriate density while the other sinks. The densities
of core—shell composites and PCN-222 nanoparticles should be distinctly different, allowing facile
separation of the two phases. Efforts are currently underway to isolate the core—shell composites.

Incorporation of RuBPDCY in the composites was confirmed with the help of diffuse
reflectance spectroscopy. The diffuse reflectance profiles of CS-1, CS-2, and CS-3 are shown in
Figure 3. The reflectance values corresponding to 480 nm show an increasing trend as we go from
Cs-1to Cs-3 (Figure 3). Bearing in mind that the Amax of RUDCBPY is ~480nm, this trend indicates
that RuUDCBPY loading is lowest in CS-1 and highest in CS-3 (see Supplementary Information,

Section 2). We were, therefore, successful in preparing core-shell composites with varying degrees

of RuDCBPY loading.
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Figure 3. Diffuse reflectance spectra of UiO-67-on-PCN-222, CS-1, CS-2, and CS-3. The arrow indicates

increasing reflectance values.
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PCN-222 is a highly porous material, containing one of the largest known 1D open channels,
with a diameter of up to 3.6 nm. Taking this into consideration, there is a possibility of RuDCBPY
complexes getting trapped in the mesopores of PCN-222 core domain. N> adsorption/desorption
experiments were conducted to investigate whether RuDCBPY complexes occupy the mesopores
of PCN-222 core. The N, adsorption isotherm of the core-shell composites exhibits hysteresis
loops characteristic of UiO-67 and PCN-222 MOFs (Figure 4a). Furthermore, the pore size
distribution plot indicates the presence of 3.4 nm mesopores, which is a distinctive structural
feature of PCN-222 MOF (Figure 4b). Based on this result, it was concluded that the mesopores
of PCN-222 crystals in core domain are still accessible and not occupied by RuDCBPY complexes.
It also implies that RuDCBPY is almost exclusively incorporated in the UiO-67 shell. The N> gas
adsorption isotherm and pore size distribution plot of UiO-67-on-PCN-222 composite are provided

in Supplementary Information (Section 4.6.3).

(a) (b)
1000 0.35
i 030{ =
S 800+ _ |
. 0.254
§ o 025
B 600 E 020
-~ 1 | ]
£ 2 0151
3 400 3 |
< S o047 |
2 200 S o005 } .
= 1 —a— [ —— UiO-67 S 0.05 .
S —a— [ —— PCN-222 o 1l \ / \___\
8 04 —a— [ —— CS_3 000 - L 1L B 118 ]
02 04 06 08 1.0 10 20 30 40 50
PIP, Pore Width (A)

Figure 4. (a) N> gas adsorption isotherm of UiO-67, PCN-222, and CS-3 (core-shell composite with highest
RuDCBPY loading), (b) Pore size distribution plot of CS-3. The peak at 3.4nm represents the PCN-222

mesopores.

144



4.4 Future Plans

1. Quantification of RUDCBPY loading in core-shell composites: In order to quantify the degree

of RuDCBPY loading in the core-shell composite, two different approaches are being considered.
In the first approach, known amounts of CS-1, CS-2, and CS-3 will be digested in 70% nitric acid
and heated at 85 °C for 1 h. The resulting solution will be diluted with deionized water so that the
final concentration of nitric acid is 7% by volume. The samples will be analyzed for Ru and Zr
content using a Thermo Electron X-Series ICP mass spectrometer in accordance with Standard
Method 3125-B. In the second approach, known amounts of CS-1, CS-2, and CS-3 will be digested
in a ~IM NaOH solution and electronic absorption measurements will be performed on the
digested samples using an Agilent Technologies 8453 UV—Vis diode array spectrophotometer (1
nm resolution). Since the absorption spectrum of TCPP and RuDCBPY overlap with each other,
“Spectral deconvolution analysis” will be performed on the resulting absorption spectra to
decompose the peaks into separate additive components.’® Absorbance of RuDCBPY will be

determined at 480 nm and loading concentration calculated using the Beer-Lambert law.

2. Energy transfer investigations on RuDCBPY-doped core-shell composites: To explore the

possibility of achieving interfacial energy transfer between the S; state of TCPP (in core domain)
and *MLCT state of RuDCBPY (in shell layer), time-resolved fluorescence measurements will be
performed. The time-correlated single photon counting (TCSPC) set-up will be used to excite the
CS-1, CS-2, and CS-3 samples with short pulses of light and then monitor the resulting
fluorescence as a function of time. Excitation wavelength of 415 nm and emission wavelength of

660 nm will be chosen to ensure that the fluorescence signal being monitored is exclusively due
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to TCPP. Additionally, steady state fluorescence measurements will be conducted on CS-1, CS-2,
and CS-3 to study the fluorescence intensity of TCPP as a function of RuDCBPY loading.

4.5 Conclusions

A series of UiO-67-on-PCN-222 core-shell composites with different loadings of RuDCBPY
were synthesized and their structures characterized using various techniques. PXRD analysis of
the composites confirmed that PCN-222 and UiO-67 are the constituent components of
composites. SEM images of composites indicated the presence of core-shell structures along with
small amounts of phase impurities (PCN-222 nanoparticles). The solvent-assisted phase separation
technique, reported by Hupp and co-workers, is being utilized to isolate the composite particles.®
Diffuse reflectance spectroscopy confirmed the varying degrees of RuDCBPY loading in
composites. N> adsorption/desorption experiments on CS-1, CS-2, and CS-3 suggest that
mesopores of PCN-222 (in core domain) are still accessible and not occupied by RuDCBPY
complexes, which means that RuDCBPY is almost exclusively incorporated in the UiO-67 shell.
After completing structural characterization, time-resolved and steady state fluorescence
measurements will be conducted on CS-1, CS-2, and CS-3 to investigate the possibility of
achieving interfacial energy transfer between the S; state of TCPP (in core domain) and *MLCT

state of RuUDCBPY (in shell layer).
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4.6 Supplementary Information

4.6.1 Scanning electron microscopy images

Figure S3. SEM images of CS-2 composites

Figure S4. SEM images of CS-3 composites
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4.6.2 Diffuse reflectance spectroscopy
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Figure SS. Diffuse reflectance spectra of (a) UiO-67-on-PCN-222 and (b) RuDCBPY

4.6.3 N adsorption/desorption isotherms and pore distribution plots
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Figure S6. (a) N, gas adsorption isotherm of UiO-67, PCN-222, and UiO-67-on-PCN-222, (b) Pore size

distribution plot of UiO-67-on-PCN-222. The peak at 3.4nm represents the PCN-222 mesopores.
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5. Summary and Future Directions

5.1 Summary of Results

Chapter 1: Light harvesting antenna complexes (LHC’s) in natural photosynthetic systems
perform multistep energy cascade processes, where the first step is light absorption by chlorophyll
and carotenoid pigments incorporated within the antenna assembly. The energy is then
directionally transported to the reaction centers (PSI and PSII). The reactions centers use this
energy to drive charge separation and perform dark-phase chemical reactions that generate
biomolecules. The precise arrangement of pigment chromophores modulates interchromophoric
interactions, which in turn determines the photophysical behavior and energy transfer dynamics in
LHC’s. Artificial molecular assemblies that can mimic the LHC’s, in terms of the efficiency and
directionality of energy transfer, are highly desirable. In order to mimic the LHC’s, it is necessary
to first understand how the chemical composition and structural organization of pigment
chromophores influences the efficiency and directionality of energy transfer in LHC’s. To achieve
this objective, scientists have designed a wide-range of molecular and supramolecular constructs
that can serve as model systems for studying energy transfer. In this chapter, we present examples
of artificial model systems that investigate the effect of (a) photophysical properties of
chromophores, (b) interchromophoric distances, and (c) relative orientation of chromophores on
energy transfer. Energy transfer in rhenium-based molecular assemblies, porphyrin-based
Donor—Bridge—Acceptor systems, pyrene- and porphyrin-based dendrimers, and conjugated

polymers are discussed.

Photoactive metal-organic frameworks constitute an attractive class of nanoscale materials due

to their light-harvesting, energy transfer and photocatalytic activities. With large photon
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absorptivity, the frameworks provide novel energy-transfer pathways enabling long-distance
energy migration both in singlet and triplet manifolds. MOFs demonstrate a high degree of
structural flexibility that affords an opportunity to coordinatively attach different types of
chromophores as linkers. The crystalline nature of MOFs allows for precise control of distances
and orientations between chromophores by judicious choice of ligands and metal nodes. These
qualities make MOFs ideal candidates to study energy transfer as a function of chromophoric
properties and structural parameters. This chapter also provides examples of MOF-based systems
that have explored the role of chromophoric properties and structural parameters in energy transfer.
Energy transfer in porphyrin-based MOFs (crystalline powders and thin films) and ruthenium-

based MOFs is discussed.

Chapter 2: We present a detailed investigation of the photophysical properties of mixed-
ligand pyrene- and porphyrin-based metal organic frameworks as a function of their 3D structure.
Solvothermal reactions between metal salts (InCls, Zr(acac)s, ZrCls) and suitable ratios of 1,3,6,8-
tetrakis(p-benzoic acid)pyrene (TBAPy) and meso-tetrakis(4-carboxyphenyl)porphyrin (TCPP)
were performed to prepare a series of mixed-ligand ROD-7, NU-901 and NU-1000 MOFs. Time
resolved and steady state fluorescence measurements were conducted on the mixed-ligand MOFs
to study their photophysics. Based on the results, we concluded that upon excitation of TBAPy
linkers in the MOFs, singlet excitation energy migrates across TBAPYy linkers until it finds a TCPP
unit. TCPP acts as an energy trap and quenches the excitation.!” The efficiency of TBAPy-to-
TBAPy energy transfer was found to be sensitive to the structural parameters of MOFs. Stern-
Volmer analysis of TBAPy lifetime data revealed that energy transfer is most efficient in ROD-7,
followed by NU-901 and NU-1000. Excitation energy transfer (EET) efficiencies (calculated using

steady state fluorescence data) agreed with the results of Stern-Volmer analysis. We propose that
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(a) shorter interchromophoric distances, (b) co-facial arrangement of TBAPy linkers and (c) larger
spectral overlap integral (J) are responsible for higher EET efficiency in ROD-7. The strength of
electronic coupling between the excited states of donor and acceptor chromophores is influenced
by their separation distance, a shorter distance resulting in stronger coupling. Similarly, co-facial
arrangement of TBAPy linkers ensures that the transition dipole moments of donor and acceptor
are aligned favorably to undergo rapid energy transfer. Excitonic coupling calculations were also
performed to determine energy transfer rate constants along different directions and assess the
directionality of energy transfer in these MOFs.* The magnitude of rate constants indicated that
energy transfer in ROD-7 should be highly anisotropic along the stacking direction. These findings
suggest that ROD-7 is a promising candidate to play the role of the light harvesting and energy-
transfer component in solar energy conversion devices, where directional energy transfer is

required.

Chapter 3: We present synthesis and photophysical characterization of a water stable PCN-
223(freebase) MOF constructed from meso-tetrakis(4-carboxyphenyl)porphyrin (TCPP).
Photophysical properties of the synthesized crystalline material were studied by using a wide range
of steady-state and time-resolved spectroscopic techniques. Quenching experiments performed on
TCPP and PCN-223 demonstrated that the extent and the rate of quenching in the MOF is
significantly higher than in the monomeric ligand. Based on these results, we propose that upon
photo-excitation, the excitation energy migrates across neutral TCPP linkers until it is quenched
by a N-protonated TCPP linker. The N-protonated linkers act as trap states that deactivate the
excited state to the ground state. Variable temperature measurements aided in understanding the
mechanism of singlet-singlet energy transfer in PCN-223 MOF. The rate of energy transfer and

the total exciton hopping distance in PCN-223 were calculated to quantify the energy transfer
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characteristics of PCN-223. Nanosecond transient absorption spectroscopy was used to study the
triplet excited state photophysics in both free ligand and PCN-223 MOF. Furthermore,
femtosecond transient absorption spectroscopy was employed to get a better understanding of the
photophysical processes taking place in ligand and MOF on ultrafast timescales. Efficient energy
transfer (Forster radius = 54.5 A) accompanied with long distance exciton hopping (173 A) was

obtained for PCN-223 MOF.

Chapter 4 (Ongoing project): Optical materials that allow control over the directionality of

energy transfer are highly desirable for light-harvesting applications and photocatalysis. MOF-on-
MOF composites with core-shell architecture provide a unique platform for studying directional
energy transfer.’ We report synthesis and structural characterization of UiO-67-on-PCN-222 core-
shell composites that can be used as model systems for exploring directional energy transfer.
Suitable amounts of Ruthenium(II) tris(5,5'-dicarboxy-2,2'-bipyridine), RuDCBPY, were doped
in the shell layer to produce a series of Ru-UiO-67-on-PCN-222 composites with varying degree
of RuDCBPY loading. We hypothesize that upon photo-excitation of TCPP units in the core,
interfacial energy transfer should occur from the lowest singlet excited sate of TCPP (Si) to the
triplet metal-to-ligand charge-transfer state of RuDCBPY (*MLCT). Powder X-ray diffraction
(PXRD), scanning electron microscopy (SEM) imaging, N> adsorption-desorption isotherms, and
diffuse reflectance spectroscopy were employed for structural characterization. After completing
structural characterization, time-resolved fluorescence measurements will be performed on the
MOFs to elucidate the dynamics of interfacial energy transfer. Steady state fluorescence
measurements will also be conducted on the Ru-UiO-67-on-PCN-222 composites to study the

fluorescence intensity of TCPP as a function of RuDCBPY loading.
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5.2 Future Directions

The work presented in this dissertation has provided insight into the role of 3D structure of
MOFs in energy transfer. The highly efficient energy transfer demonstrated by ROD-7 and PCN-
223 suggests that these MOFs can potentially serve as the light harvesting and energy-transfer
component in artificial light harvesting devices. ROD-7, in particular, is very attractive due to the
highly anisotropic EET along its stacking direction. Future studies on ROD-7 should focus on
exploring the ultrafast photophysical processes taking place in mixed-ligand ROD-7 MOFs.
Transient absorption spectroscopic data in the femtosecond time domain will provide useful
information regarding kzzr and also shed light on the mechanism of EET.® It will be interesting to
explore whether the EET process in ROD-7 is coherent or incoherent or a combination of both.
Due to the short interchromophoric distance (~7A) and large «? value (1.00) in ROD-7, a coherent
EET process cannot be completely ruled out. Incorporation of ROD-7 in a core-shell MOF
composite is extremely attractive because its geometrical layout is conducive for achieving
directional energy transfer. A core-shell composite consisting of ROD-7 and a TCPP-based MOF
should enable efficient, directional energy transfer. Fabrication of ROD-7 in thin-film form should
also be pursued to facilitate its integration in solar energy conversion devices.
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